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| Protein Purification
and Characterization
Techniques

A maodel of the protein
phospholipase A,. Proteins
such as this one can be
purified and studied by using
the techniques of this
interchapter. (Charles
Grisham.)

OUTLINE

A.1 Purification of Proteins A.4 Determining the Primary

A.2 Column Chromatography Structure of a Protein

A3 Electrophoresis

ecause a cell contains thousands of different pratein molecules, the task of separating
them and determining the structure of a single protein is exceedingly difficult. There are
many techniques for purifying and characterizing a protein, ranging from strategies for
determining such physical characteristics as molecular weight, isoelectric point, and number of
subunits to discovering the number and type of its constituent amino acids and elucidating its
compiete amine acid sequence. When a protein has been degraded to its amino acids, they can
be identified by chromatography according to their charge and polarity. The amine acids at the
ends of a protein can be established by chemical labeling. The whole chain can be degraded by
specific cleavage to give related peptide fragments. Each peptide can then be degraded one
amino acid at a time to discover its sequence. In a final step of structure determination, a com-
plete protein can be subjected to X-ray diffraction analysis ta determine its three-dimensional
conformation. However, the protein must first be purified by such techniques as column chro-
matography and clectrophoresis and then crystallized.

Piirification of Proteins

Many different proteins exist in a single cell. A detailed study of the properiies
of any one protein requires a homogeneous sample consisting of only one kind
of molecule. The separation and isolation, or purification, of proteins consti-
tutes an essential first step to further experimentation. In general, separation
techniques focus on size, charge, and polarity—the sources of differences be-
tween molecules. Many techniques are performed to eliminate contaminants
and arrive at a pure sample of the protein of interest. As the purification steps
are followed, we make a table of the recovery and purity of the protein to gauge
our success, Table A.1 shows a typical purification for an enzyme. The percent
recovery tracks how much of the protein of interest has been retained at each
step. This number usually drops steadily during the purification; however, we
hope that by the time the protein is pure, sufficient product will be left for study
and characterization. The fold purification compares the purity of the protein
at each step, and this value should go up if the purification is successful.

Isolation of Proteins from Cells

Before the real purification steps can begin, the protein must be released from
the celis and subcellular organelles. The first step is called homogenization and
involves the breaking open of the cells. This can be done with a wide variety of
techniques. The simplest approach is grinding the tissue in a blender with a
suitable buffer. The cells are broken open, releasing soluble proteins. This
process also breaks many of the subcellular organelles, such as mitochondria,
peroxisomes, and endoplasmic reticulum, A gentler technique is to use a
Potter—Elvejhem homogenizer, a thick-walled test tube through which a tight-
fuing plunger is passed. The squeezing of the homogenate around the
ptunger breaks open cells, but leaves many of the organelles intact. Another

TABLE A1

Example of a Protein Purification Scheme:

Al
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Purification of the Enzyme Xanthine Dehydrogenase from a Fungus

29,800 2,

1. Crude extract

2. Salt precipitate 165 2,800 1,
3. lon exchange chromatography 65 100

4. Maolecutar sieve chromatography 40 14.5

5. Immunoaffinity chromategraphy 6 1.8

464
190
720
555
275

¢.425
7.2
38.3

152.108
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FIGURE A1

Differential centrifugation used to
separate cell components. Starling
with a cell homogenate, increasing
g forces will cause different cell
components to be peltated.
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technique, called sonication, involves using sound waves to break open the
cells. Cells can also be ruptured by cycles of freezing and thawing. If the pro-
tein of interest is solidly attached to a membrane, detergents may have to be
added to detach the proteins.

After the cells are homogenized, they are subjected to differential cen-
trifugation. Spinning the sample at 500 times the force of gravity (500 X g) will
result in a pallet of unbroken cells and nuclei. ¥ the protein of interest is not
found in the nuclei, this precipitate is discarded. The supernatant can then be
centrifuged at higher speed; such as 10,000 X g to bring down the mitochon-
dria. If the protein of interest is soluble, the supernatant from this spin will be
collected and will already be partially purified because the nuclei and mito-
chondria will have been removed. Figure A.1 shows a typical separation via dif-
ferential centrifugation.

After the proteins are solubilized, they are often subjected to a crude pu-
rification based on solubility. Ammonium sulfate is the most common reagent
0 use at this step, and this procedure is referred to as salting out. Proteins have
varying solubilities in polar and jonic compounds. Proteins remain soluble due
to their interactions with water. When ammonium sulfate is added to a protein
solution, some of the water is taken away from the protein to make ion-dipole
bonds with the salis. With less water available to hydrate the proteins, they be-
gin to interact with each other through hydrophobic bonds. At a defined
amount of ammonium sulfate, a precipitate that contains contaminating pro-
teins forms, These proteins are centrifuged down and discarded. Then more
salt is added, and a different ses of proteins, which usually contain the protein
of interest, will precipitate. This precipitate is collected by centrifugation and
saved. The guantity of ammonium sulfate is usually measured compared to a
100% saturated solution. A common procedure involves bringing the solution
1o around 40% saturation and then spinning down the precipitate that forms.
Next, more ammonium sulfate is added to the supernatant, often to a level of
60% to 70% saturation. The precipitate that forms often contains the protein
of interest. These preliminary techniques will not generally give a sampie that
is very pure, but they serve the important task of preparing the crude ho-
mogenate for the more effective procedures that follow.

2 Column Chromatography

The word “chromatography” comes from the Greek chroma, “color,” and
graphein, “to write”; the technique was first used around the beginning of the
20th century to separate plant pigments with easily visible colors. It has long

since been possible to separate colorless compounds, as long as there are meth-
ods for detecting them. Chromatography is based on the fact that different
compounds can distribute themselves to varying extents between different
phases, or separable portions of matter. One phase is the stationary phase, and
the other is the mobile phase. The mobile phase flows over the stationary mate-
rial and carries the sample 10 be separated along with it. The components of the
sample interact with the stationary phase to different extents. Some components
interact relatively strongly with the stationary phase and are therefore carried
along more slowly by the mobile phase than are those that interact less strongly.
The differing mobilities of the components are the basis of the separation.

Many chromatographic techniques used for research on proteins are forms
of column chromatography, where the material that makes up the stationary
phase is packed in a column. The sample is a smalt volume of concentrated so-
lution that is applied to the wp of the column; the mobile phase, called the elu-
ent, is passed through the column. The sample is diluted by the eluent, and the
separation process alse increases the volume occupied by the sample. In a suc-
cessful experiment the entire sample eventually comes off the column. Figure
A.2 diagrams an example of column chromatography.

Size exclusion chromatography, also called gel filtration chromatography,
separates molecules on the basis of size, making it a useful way to sort proteins
of varied molecular weights. It is a form of column chromatography in which
the stationary phase consists of cross-linked gel particles. The gel particles are
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FIGURE A2

An example of column chromatography. A sample containing several components is
applied to the coiuma. The various components travel at different rates and can be
coliected individually.

The fastest moving
substance cluted

Effluent is collected
manually or
automatically and
analyzed for the
presence (and
soimetimes the
amount) of solute
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The repeating disaccharide unit of
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chromatography.

FIGURE A.4

The structure of cross-linked
polyacrylamide, a polymer used in
column chromatography.
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usually in bead form and consist of one of two kinds of polymers. The first is a
carbohydrate polymer such as dextran or agarose and often goes by the trade
name Sephadex or Sepharose, respectively (Figure A.3}. The second is based
on polyacrylamide (Figure A.4), and is found under the trade name Bio-Gel.
The crosslinked structure of these polymers produces pores in the material.
The extent of crosstinking can be controlled to select a desired pore size.
‘When a sample is applied to the column, smaller molecules can enter the pores
and thus tend to be delayed in their progress down the column, uniike the
larger molecules. As a result, the jarger molecules are eluted first, followed
later by the smaller ones, after the escape from the pores. Molecular sieve
chromatography is represented schematically in Figure A.5. The advantages of
this type of chromatography are its convenience as a way to separate molecules
on the basis of size and the fact that it can be used to estimate molecular weight
by comparing the sample with a set of standards. Each type of gel used has a
specific range of sizes that will separate linearly with the log of the molecular
weight. Each gel also has an exclusion limit, a size of protein that is 100 large (o
fit inside the pores, Any protein that size or larger will elute first and simulta-
neously.

Affinity chromatography uses the specifie binding properties of many pro-
teins, It is another form of column chromatography, with a pelymeric material
used as the stationary phase. The distinguishing feature of affinity chromatog-
raphy is that the polymer is covalently linked to some compound, called a fig-
and, that binds specifically to the desired protein (Figure A.6). The other pro-
teins in the sample do not bind to the column and can easily be eluted with
buffer, while the bound protein remains on the column. The bound protein
can then be eluted from the column by adding high concentrations of the lig-
and in soluble form thus competing for the binding of the protein with the sta-
tionary phase. The protein binds te the ligand in the mobile phase and is re-
covered from the column. This protein-ligand interaction can also be disrupted
with a change in pH or ionic strength. Affinity chromatography is a convenient
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{a) Gel filtration chromatography.
Earger molecules are exciuded from
the gel and move more quickly
through the column. Small
molecules have access to the
interior of the gel beads, so they
take a longer tme w elune. (b} V, is
the void velume, the velume of
elution for a molecule excluded
from the gel bead. V. is the elution
volume for a particular molecule
that can enter the bead. V, is the
total volume, the elution volume for
a very small molecule that enters
the bead unhindered.

FIGURE A6

The principle of affinity
chromatography. In a mixture of
proicins, only one designated P,
will bind to a substance, §, called
the substrate. The substrate is
attached to the column matrix.
Once the other proteins, P, and Py,
have been washed out, P, can be
eluted cither by adding a solution of
high salt concentration, or by
adding free S,
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FIGURE A7

(a) Cation exchange resins and
(b} anion exchange resins
commonly used for biochemical
separations.
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separation method and has the advaniage of producing very pure proteins. The
Biochemical Connections box in Interchapter B describes an interesting way
that affinity chromatography can be combined with molecular biclogical tech-
niques to offer a one-step purification of a protein,

fon exchange chromatography is logistically similar to affinity chromatog-
raphy. Both use a column resin that binds the protein of interest. With ion ex-
change chromatography, however, the interaction is less specific and is based
on net charge. An ion exchange resin will have a ligand with a positive charge
or a negative charge. A negatively charged resin is a cation exchanger, and a
positively charged one is an anion exchanger. Figure A7 shows some typical ion
exchange ligands. Figure A.8 shows how cation exchange chrematography
would separate proteins. The column is initiajly equilibrated with a buffer of
suitable pH and jonic strength. The exchange resin is bound to counterions. A
cation exchange resin is usually bound to Na* or K* ions, and an anion ex-
changer i3 usually bound to Cl~ ions. A mixture of proteins is ioaded on the col-
umn and allowed to flow through it. Those proteins that have a net charge op-
posite to that of the exchanger will stick 1o the column, exchanging places with
the bound counterions. Those proteins that have no net charge or have the
same charge as the exchanger will elute. After all the nonbinding proteins are
eluted, the eluent will be changed 1o either a buffer that has a pH that will re-
maove the charge on the bound proteins or to one with a higher salt concen-
tration. The latter will outcompete the bound proteins for the limited binding
space on the column, The once-bound molecules will then elute having been
separated from many of the contaminating onees.

dserinanny

g

Ty

exchange
resin

Flectrophoresis

Electrophoresis is based on the motion of charged particles in an electric field
toward an electrode of epposite charge. Macromolecules have differing mobil-
ities based on their charge, shape, and size. Although many supperting media
have been used for electrophoresis, inciuding paper and liquid, the most com-
mon support is a polymer of agarose or acrylamide that is similar to those used
for colamn chromatography. A sample is applied to wells that are formed in the
supporting medium. An eleciric current is passed through the medium at a
controlled voltage to achieve the desired separation (Figure A.9}. After the pro-
teins are separated on the gel, the gel is stained to reveal the protein locations
as shown in Figure A.1G.

Agarase-hased gels are most often used to separate nucleic acids and will be
discussed in Interchapter B. For proteins, the most common electrophoretic
suppart is polyacrylamide (Figure A.4). The gel is prepared and cast as a con-
tinuous cross-linked matrix (rather than the bead form employed in column
chromatography). In one variation of polyacrylamide gel electrophoresis, the
protein sample is treated with the detergent sodium dodecyl sulfate (SDS) be-
fore it is applied to the gel. The structure of SD3 is CH.(CH,);, CH,080;Na".
The anion binds strongly to proteins via nonspecific adsorption. The larger
the protein, the more of the anion it will adsorb. SDS completely ma:u?._:wm
proteins, breaking all the noncovalent interactions that determine tertiary
and quaternary structure. This means that multisubunit proteins can be ana-
lyzed as the compenent polypeptide chains. Al the proteins in a sample have
a negative charge as a result of adsorption of the anionic §O5. The pro-
teins will also have roughly the same shape, which will be a random coil. In
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FIGURE A.8

Ton exchange chromatography
using a cation exchanger. (a) At the
beginning of the separation, various
proteins are applied to the column.
The column resin is bound 1o Na~
counterions (small red spheres). {(b)
Proteins that have no net charge or
a net negalive charge pass through
the column. Proteins that have a net
positive charge stick to the column
displacing the Na*. {c) An excess of
Na~ ion is then added to the
column. (d) The Na* ions
cutcompete the bound proteins for
the binding sites on the resin and
the proteins eiute.

Buffer solution Gel

FIGURE A.9

The experimenal setup for gel
clectrophoresis, The samples are
placed on the left side of the gel.
When the current is applied, the
negatively charged molecizles
migrate toward the positive
electrode.
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FIGURE A.T0
Separation of proleins by gei
electrophoresis. Each band seen in
the gel represents a different
protein, In the SDS-PAGE
technique, the sample is treated
with detergent before being applied
to the gel. In isoelectric focusing, a
pH gradient runs the length of the
gel, (Michael Gabridge/Visuals
Unlimited.)

Log molecular weight

Relative electrophoretic =
mobility

HGURE A1

A plot of the relative
elecrrophoretic mobility of proteins
in SDS-PAGE versus the log of the
molecular weights of the individual

pelypeptides.
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE), the acrylamide offers
more resistance to large molecules than to smatl molecules. Because the shape
and charge are approximately the same for all the proteins in the sample, the size
of the protein becomes the determining factor in the separation: small proteins
move faster than large ones. Like molecular sieve chromatography, SD5-PAGE
can be used 1o estimate the molecular weights of proteins by comparing the sam-
ple with standard samples. For most proteins, the log of the molecular weight is
finearly related to its mobility on SDS-PAGE, as shown it Figure A I1.

Isoelectric focusing is another vartation of gel electrophoresis. Since dif
ferent proteins have different ttratable groups, they also have different iso-
electric points. Recall (Section 3.3) that the isoelectric pH (pl} is the pH at
which a protein (or amine acid ar peptide) has no net charge. At the pl, the
number of positive charges exactly balances the number of negative charges. In
an isoelectric focusing experiment, the gel is prepared with a pH gradient that
parallels the electric field gradient. As proteins migrate through the gel under
the influence of the electric field, they encounter regions of different pH so the
charge on the protein changes. Eventually each protein reaches the point at
which it has no net charge, its isoelectric point, and no longer migrates. Each
protein remains at the position on the gel corresponding to its pl, atlowing for
an effective method of separation.

An ingenious combination, known as two-dimension gel electrophoresis
(2-D gels), allows for enhanced separation by using isoelectric focusing in one
dimension and SDS-PAGE run at 90° to the first (Figure A.12).
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FIGURE A.12

Twedimensional electrophoresis. A mixture of proteins is separated by isoelectric
focusing in one direction. The focused proteins are then run using SDS-PAGE
perpendicular te the direction of the isoelectric focusing. Thus the bands that appear
on the gel have been separated first by charge and then by size.

Determining the Primary Structure of a Protein

A4 Determining the Primary Structure of a Protzin
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Essential Information

" Determining the sequence of amino acids in a protein is a routine, but not triv-
- fal, operation in classical biochemisiry. Its several paris must be carried out
- carefully to obtain accurate results (Figure A.13).

Step 1 in determining the primary structure of a protein is to establish
* which amino acids are present and in what proportions. Breaking a protein
" down 10 its component amino acids is relatively easy: Heat a solution of the
protein in acid, usually 6 M HCl, at 100 to 110°C for 12 10 36 hours to hy-
" drolyze the peptide bonds. Separation and identification of the products are

“-ping pepgde sequence.

The primary structure of a pro-
tein is the sequence of amino
acids. The sequence is Q&NW
mined by cleaving the protein
into smaller peptides, verifying
the sequence-of. the. individual
mmmmmnmv,.m.._.—mmqwdgﬁgm verlap-

somewhat more difficult and are best done by an amino acid analyzer. This au-
tomated instrument gives both qualitative information about the identities of
the aminoc acids present and quantitative information about the relative
amounts of those amino acids. Not only does it analyze amino acids, but it also
allows informed decisions to be made about which procedures to choose later
in the sequencing (see Steps 3 and 4). An amino acid analyzer separates the

Protein, sequence to be determined

Sample 3

Cleave protein at
specific sites

Specific
reagents

Hydrolyze to
constituent amino acids
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o 9 g 9 0o 2

co a%,0
Delerinine sequence of
smaller peptides

Identify N-terminal and
C-terminal amino acids

Separate and identify
individual amino acids

FIGURE A.13

The strategy for determining the primary structure of a given protein. The amino acid
sequence can be determined by four different analyses performed on four separate
samples of the same protein.

Am. Combine information from
overlapping peptides to get
complete sequence

Sample 4

Cleave protein at
specific sites other than
those in sampte 3

0

Determine sequence of
smaller peptides
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were looked at, it turned out that there is no protein in the vicinity of the new
peptide bond, proving once again that RNA has catalytic abiliey. This is an ex-
ting finding becausc it answers questions that have been plaguing scientists
for decades. It was assumed that RNA was the first genetic material, and RNA o))

TABLE 11.3  Companents Required for Each Step of Protein Synthesis
in Escherichia coli

Amino nn_nm activation Amino acids

can code for proteins that act as catalysts, but it takes proteins 10 do the trans-

RNAs lation, so how could the first proteins have been created? With the discovery of

Aminoacy-tRNA synthetases an RNA-based peptidyl transferase, it was suddenly possible to imagine an

P wﬁ.mm ..rmm,”w_ “RNA world” where the RNA hoth carried the message and processed it. This
ain initanon mel- et

discovery is very intriguing, but it has not yet been accepted by many re-
searchers, and some evidence questions the nature of cataiytic RNA. One study
showed that muzations of the putative RNA bases involved in the catalytic mech-
anism do not significantly reduce the cfficiency of peptidy] transferase, throw-

Initiation codon (AUG) of mRNA
30S ribosomal subunit

508 ribosomal subunit

Initiation: factors (IF-1, IF-2, and IF-3}

GTP, Mg** ing into question whether the RNA is chemically involved in the catalysis (see
Chain elongation 705 ribosome the article by Polacek et al. in the bibliegraphy at the end of the chapter}.

Codons of mRNA

AminoacyHRNAs

Flongation factors (EF-Tu, EF-Ts, and EF-G} : 1c_<moanm

GTP, Mg™* j In cur description of protein synthesis, we have considered, up to now, the re- ial knf .
Chain termination 708 ribosome Essential information

actions that 1ake place at one ribesome. It is, however, not only possible but
quite usual for several ribosomes to be attached to the same mRNA. Each of The biosynthesis of proteins de-
these ribosomes will bear a polypeptide in one of various stages of completion, pends on four important steps.
depending on the position of the ribosome as it moves along the mRNA (Fig- (1) In the activation step, amino
ure 11.17). This complex of mRNA with several ribosomes is calied a polysome, acids are bonded to tRNAs in a re-
an alternative name is pelyribosome. wmwm catalyzed by aminoacyl

. . _— . synthetases. (2) The initia-
In prokaryotes, translation begins very soon after mRNA wranscription. It is tion swp requives asembly of
- possible for a molecule of mRNA that is still being transcribed to have a num- ribosomes, mRNA, and aminoa-
. ber of ribosomes attached to it that are in various stages of translating that yltRNAs into a functional unit.
mRNA. It is also possible for DNA to be in vartous stages of being transcribed. {3) In chain efongation, the ribo-
In this situation, several molecules of RNA polymerase are attached to a single some ‘moves :alang. the . mRNA,
gene, giving rise to several mENA molccules, each of which has a number of ri-
bosomes astached to it. The prokaryotic gene is being simultaneously tran-
scribed and translated. This process is called coupled translation {Figure 11.18);
it is possible in prokaryotes because of the lack of cell compartmentalization.
In eukaryotes, mRNA is produced in the nucleus, and the majority of protein
synthesis takes place in the cytosol.

Termination codons (UAA, UAG, and UGA) of mRNA
Release factors (RF-1, RF-2, and R¥-3)
GTP, Mg*

The Ribosome Is a Ribozyme

Untii recently, proteins were thought to be the only molecules with catalytic
ability. Then the self-splicing ability of the Tetrakymena saRNP showed that RNA
can also catalyze reactions. In 2000, the complete structure of the large riboso-
mal subunit was determined by X-ray crystallography to 2 A4-A (0.24nm) reso-
lution (Figure 11.16). Ribosomes had been studied for 40 years, but the com-
plete structure had been elusive. When the active sites for peptidyl transferase

m._mnﬁm cally
16 RNASE, O ndaEE the oxmmnn E En mn::m mao nrm_c is
Hnm”m ced: by selenium;, This RNA thanim has an-anti,
Eu” matches Eo E@P mSw codon; In mwmn_a cases,

FIGURE 11.16

E_v. Eﬂio uﬂnw mcnw
o_.::w in thie urea Qnmov Are-mok _u_.: m_bm Eon_a The large subunit of the ribosome
seen from the viewpoint of the small
subunit, with proteins in purple,
235 rRNA in orange and white, 55
rRNA (at the top) in pink and
white, and A-site tRNA (green) and
Psite tRNA {red) decked. (Box)
A5 The peptidyl transfer mechanism is
Peptide q catalyzed by RNA, The general base
(adenine 2451 in K. coli 235 rRNA)

Hﬂf\ ; 1AHO is rendered unusually basic by its

wmud__:m are mcn.:na u.mnn _nuaaw_uon
- modification; When discussing aming acids and g&mna ;
the Ewmﬁ number-wis abways 20.. D::. 20 standard Aming
acids were wE,. onto: t(RNA’ mioleculss for: protei muﬁnunm_m.

siop eodon are stll being invesigated

—WZ___— environment within the folded
{P- !F_V %Z.> struclure; it could abstract a proton
O« R {Asite) at any of several steps, one of which
Peptide 4. \PWO is shiown here. (Regrinted by
H N permission from Science 289 2000}, p.
O/ H O/ 878. The ribosome is a ribozyme, by
tRNA tRNA i '

Thomas Cech.)
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FIGURE 11.18

Electron micrograph showing
coupled translation. The dark spots
are ribosomnes, arranged in clusters
on a strand of mRNA. Several

miNAs have been transcribed from
one strand of BNA, the diagonal
line from center to upper right.

Completed
protein
molecule

Released
ribosomal
subunils

FIGURE 11.17

Simultaneous protein synthesis on polysomes. A single mRNA molecule is translated
by several ribosomes simultaneously. Each ribosome produces one copy of the
polypeptide chain specified by the mRNA, When the protein has been completed, the
ribosome dissociates into subunits that are used in further rounds of protein synthesis.

.5 % Translation in Eukaryotes

The main features of wanslation are the same in prokaryotes and eukaryotes,
but the details differ. The messenger RNAs of eukaryotes are characterized by
two major posttranscriptional modifications. The first is the 5° cap, and the sec-
ond is the 3’ poly-A tail (Figure 11.19). Both modifications are essential to eu-
karyotic translation.

5' Untranslated

Coding
region

1

5

Translation in Eukaryotes

3 Untransiated
region

Initiation
codon

7-Methyl GTP “cap™ at

5-end
FIGURE 11.19
The characteristic structure of eukaryotic mRNAs. Untranslated regions ranging
between 40 and 150 bases in length occur at both the 5" and 3’ ends of the mature
mRNA. An initiation codon at the 5 end, invariably AUG, signals the translation start
site.

Chain Initiation

This is the part of eukaryotic translation that is the most different from that in
prokaryotes. Thirteen more initiation factors are given the designation elF, for
eukaryotic initiation factor. Many of them are multisubunit proteins. Table 11.4
summarizes pertinent information about these initiation factors.

Step 1 in chain initiation involves the assembly of a 435 preinitiation com-
plex (Figure 11.20). The initial amino acid is methionine, which is attached 10
a special (RNA, that serves only as the initiator tRNA. There is no fmet in eu-
karyotes. The met-tRNA; is delivered to the 408 ribosomal subunit as a complex
with GTP and elF2. The 405 ribosome is also bound to eIF1A and eIF3. This or-
der of events is different from that in prokaryotes in that the first tRNA binds
to the ribosome without the presence of the mRNA. In Step 2, the mRNA is re-
cruited. There is no Shine-Dalgarno sequence for location of the start codon.
The 5’ cap orients the ribosome to the correct AUG via what is called a scan-
ning mechanism that is driven by ATP hydrolysis. The eI¥4E is also a cap-binding
protein, which forms a complex with several other elFs. A poly A binding pro-
tein (Pablp) links the poly A tail to eIF4G. The elF-408 complex is initially po-
sitioned upstream of the start codon (Figure 11.21). It moves downstream un-
til it encounters the first AUG in the correct context. The context is determined
by a few bases surrounding the start codon, called the Kozak sequence. It is
characterized by the consensus sequence —-3ACCAUGG+4. The ribosome may
skip the first AUG it finds if the next one has the Kozak sequence. Another fac-
tor is the presence of mRNA secondary structure. If hairpin loops form down-
stream of an AUG, an earlier AUG may be chosen. The mRNA and the seven
elFs constitute the 488 preinitiation complex. In Step 3, the 605 ribosome is re-
cruited, forming the 805 initiation complex. GTP is hydrolyzed, and the initia-
tion factors are released.

Chain Elongation

Peptide chain elongation in eukaryotes is very similar to that of prokaryotes.
The same mechanism of peptidyl transferase and ribosome translocadon is
seen, The structure of the eukaryotic ribosome is different in that there is no
E site, only the A and P sites. There are two eukaryotic elongation factors,
e¢EFE and eEF?. The ¢EF] consists of two subunits, eEF1A and eEF1B. The
LA subunit is the counterpart of EF-Tu in prokaryotes. The 1B subunit is the

Polyadenylation
signal

33

3' Poly{A)
tail

9




358

INTERCHAPTER B

FIGURE B.1
Separation of oligonucleotides by
gel electrophoresis. Each band seen
in the gel represents a differeat
oligonucteotide.
(Cryplographics/Visuals Unlimited. )

FIGURE B.2

The experimental setup for gel
clectrophoresis. The samples are
piaced on the left side of the gel.
When the current is applied, the
negatively charged oliponucleotides
migrate toward the positive
clectrode.

Nucleic Acid Biotechnology Techniques

Experiments en nucleic acids frequently involve extremely small quantities
of materials of widely varying molecular size. Two of the primary necessities are

to separate the components of a mixture and 1o detect the presence of nucleic
acids; fortunately, powerful methods exist for accomplishing both goals.

Separation Technigues

Any separation method uses the differences between the items to be separated,
Charge and size are two properties of molecules that are frequently used for
separation. One of the most widely used techniques in molecular biology, gel
electrophoresis, uses both these properties. Electrophoresis is based on the

motion of charged particles in an electric field. For our purposes, it is enough -

to know that the motion of 1 charged molecule in an electric field depends on
the ratio of its charge to its mass, A sample is applied to a supporting medium,
With: the use of electrades, an electric current is passed through the medium
to achieve the desired separation. Polymeric gels, such as agarose and polyacryl-
amide, are frequently used as supporting media for electrophoresis (Figure
B.1). They are prepared and cast as a continuous crosslinked mauix. The
cross-linking gives rise to pores, and the choice of agarose versus polyacry-
lamide gels depends on the size of the molecules to be separated—agarose for
farger fragments (thousands of oligenucleotides) and polyacrylamide for
smaller (hundreds of oligonucleotides).

The charge on the molecules to be separated lcads them to move through
the gel toward an electrode of opposite charge. Nucleic acids and oligonu-
cleotide fragments are negatively charged at neutral pH because of the pres-
ence of the phosphate groups. When these negatively charged molecules are
placed in an electric field between two electrodes, they all migrate toward the
positive electrode. In nucleic acids, each nucleotide residue contributes a neg-
ative charge from the phosphate 1o the overall charge of the fragment, but the
mass of the nucleic acid or oligonucleoctide increases correspondingly. Thus,
the ratio of charge to mass remains approximately the same regardless of the
size of the molecule in question. As a result, the separation takes place simply
on the basis of size and is due to the sieving action of the gel. In a given amount
of time, with a sample coensisting of a mixture of oligonucleotides, a smaller
oligenucleotide moves farther than a larger one in an clectrophoretic separa-
tion, The oligonucleotides move in the electric field because of their charges;
the distances they move in a given time depend on their sizes.

Most separations are dene with an agarose gel in a horizontal position,
called a submarine gel because it is actually underneath the buffer in the cham-
ber. However, when DNA scquencing is done (see Section B.12}, a polyacryl-
amide gel is run in a vertical position. Many different samples can be separated
on a single gel. Each sample is loaded at a given place (a distinct well) at the
negative clectrode end of the gel, and an electric current flows untl the sepa-
ration is complete (Figure B2},

ey ol
e e

Buffer solution

etection Methods

“4fier the DNA pieces have been separated, they must be treated in some way
that will allow them to be seen. Some of these techniques will allow all of the
NA to be seen, but others are more specific for certain DNA picces.

The original method for detecting the separated producis is based on ra-
ioactive labeling of the sample. A label, or tag, is an atom or molecule that al-
ws visualization of another molecule. The isotope of phosphorus of mass num-
r 32 (*°F, spoken as “P-thirty-two™) was widely used in the past for this purpose.
fore recently, S, or the isotope of sulfur of mass number 35 (spoken as
S-thirey-five™), has been used extensively. The DNA motecules undergo a reac-
on that incorporates the radioactive isotope into the DNA. When the labeled
ligenucleotides have been separated, the gel is placed in contact with a piece
f X-ray film, The radioactively labeled oligonucleotides expose the portions of
he film with which they are in contact. When the film is developed, the posi-
ons of the labeled substances show up as dark bands. This technique is cailed
utoradiography, and the resulting film image is an autoradiogram (Figure B.3).
Many examples of autoradiographs can be seen in the scientific literature,
“Hut as time goes on, autoradiography is being replaced by detection methods
at do not use radioactive materials and their associated hazards. Many of
hese methods depend on emission of light (luminescence) by a chemical label
ttached to the fragments, and they can detect amounts of substances mea-
ured in picomoles. The way in which the label emits light depends on the ap-
lication. When the base sequence of DNA is to be determined, the label is a
eries of four fluorescent compounds, one for each base. The gel with the sep-
rated products is irradiated with a laser; the wavelength of the laser light is one
that is absorbed by each of the four labels. Each of the four labeled compounds
e-cmits light at a differen, characteristic, longer wavelength. This is called flu-
rescence. Another detection method that uses fluorescence involves the com-
ound ethidium bromide. Its molecular structure includes a planar portion
that can slip between the bases of DNA, giving ethidium bromide different flu-
rescence properties when it binds to DNA from those ohserved when it is free
n solution. An ethidium bromide solution is used as a stain for DNA in a gel.
The solution soaks into the gel, and the DNA fraginents in the gel can be seen
a5 orange bands by shining ultraviolet light on the gel.

B Methods for Working with Nucleic Acids
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Essential Information

Manipulation of aucieic acids re-
quires mcethods for separating
polynucieotides and  oligonu-
cleotides of different sizes. Fhis is
done by gei electrophoresis. Mol
ecules of different sizes appear as
separate bands on the gels. The
bands can: be seen by labeling the
molecules with radigactive. or. fu-
minescent “ags o

FIGURE B.3
An example of an autoradiogram.
{Hank Margan/Photo Researchers, Ine.)
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Carbohydraies
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FIGURE 13.25

The structure of lignin, a polymer of coniferyt alcohal.

Plant Cell Walls

Plant cell walls consist largely of cellulose. The other important polysaccharide
component found in plane ceil walls is peetin, a polymer made up mostly of
D-galacturonic acid, a derivative of galactose in which the hydroxyl group on
carbon 6 has been oxidized to a carboxyl group.

COOH

H OH

p-Galacturonic acid

Pectin is extracted from plants because it has commercial importance in the
food processing industry as a gelling agent in yogurt, fruit preserves, jams, and
jetties. The major nonpolysaccharide component in plant celf walls, especially in
woody plants, is lignin (Latin Ggnum, “wood”). Lignin is a polymer of conifery}
atcohol, and it is a very tough and durable material (Figure 13.25). Unlike bac-
terial cell walls, plant cell walls contain comparatively little peptide or protein.

GURE 13.26
Glycosaminoglycans are formed from repeating disaccharide units and often oceur as
components of the proteoglycans,

Glycosaminoglycans are a type of polysaccharide based on a repeating disac-
charide in which one of the sugars is an amino sugar and at least one of them
‘has a negative charge due to a sulfate group or a carboxyl group. These poly-
saccharides are involved in a wide variety of cellular functions and tissues. Fig-
‘ure 13.26 shows the disaccharide structure of the most comtmon ones. Heparin
is 2 natural anticoagutant thae helps prevent bloed clots. Hyaluronic acid is 2
‘component of the vitreous humor of the eye and of the lubricating fluid of
joints. The chondroiton sulfates and keratan sulfate are components of con-

ective tissue. Glucosamine sulfate and chondroiton sulfate are sold in large
quantities as over-the-counter drugs used to help replace frayed or otherwise
damaged cartilage, especially in knees. Many people who are advised that they
eed knee surgery for damaged ligaments lock for improvement first with a
two- or three-month regimen of these glycosaminoglycans. Questions exist
about the efficacy of this treatment, so it will be interesting to see what future
it may have.

Glycoproteins

s

. Glycoproteins contain carbohydrate residues in addition to the polypeptide
chain. Some of the most important examples of glycoproteins are involved in
the immune response; for example, antibodies, which bind to and immobilize
antigens (the substances attacking the organism), are glycoproteins. Carboehy-
drates also play an important role as antigenic determinants, the portions of an
antigenic molecule that antibedies recognize and to which they bind.

An example of the role of the oligosaccharide portion of glycoproteins as
antigenic determinants is found in human blood groups, There are four hu-
man blood groups, A, B, AB, and O (see the Biochemical Connections box on
the following page). The distinctions between the groups depend on the
oligosaccharide portions of the glycoproteins on the surfaces of the blood cetls
called erythrocytes. In all blood types, the oligosaccharide portion of the mol-
ecule contains the sugar L-fucose, mentioned earlier in this chapter as an ex-
ample of a deoxy sugar. Nacetylgalactosamine is found at the nonreducing end
of the oligosaccharide in the type A bleod-group antigen. In type B blood, a-D-
galactose takes the place of Macetylgalactosamine. In type O blood neither of
these terminal residues is present, and in type AB blood both kinds of oligosac-
charide are present (Figure 13.27).
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CHAPTER 14

Glycolysis

\naerobic Reactions of Pyruvate

The Conversion of Pyruvate to Lactate in Muscle

The final reaction of anaerobic glycolysis is the reduction of pyruvate to laceate,

O
I
C—0" |
i
C=—0+ NADH + H* HO—C—H+ NAD*
w lactate _
CH, dehydrogenase CH,
Pyruvate Lactate s
This reaction is also exergonic (AG®" = —25.1 k] mol™! = —6.0 kcal mol™); as

before, we need to muitiply this value by two to find the energy vield for each
molecule of glucose that enters the pathway. Lactate is a dead end in muscle
metabolism, but it can be recycled in the Jiver to form pyruvate and even glu-
cose by a pathway called gluconeogenesis (“new synthesis of glucose”), which
we will discuss in Section 15.2.

Lactate dehydrogenase (LDH) is the enzyme that catalyzes this reaction.
Like glyceraldehyde-3-phosphate dehydrogenase, LDH is an NADI-linked de-
hydrogenase and consists of four subunits. There are two kinds of subunits, des-
ignated M and H, which vary slightly in amino acid compositien. The quater-
nary structure of the tetramer can vary according to the refative amounts of the
two kinds of subuniss, yielding five possible isozymes. In human skeletal mus-
cle, the homogeneous tetramer of the M, type predominates, and in heart the
other homogeneous possibility, the H, tetramer, is the predominant form. The
heterogeneous forms, M;H, M,H,, and MH,, occur in biood serum. A very sen-
sitive clinical test for heart disease is based on the existence of the various
isozymic forms of this enzyme. The relative amounts of the H, and MH,
isozymes in blood serwm increase drastically after myocardial infarction {heart
attack) compared with normal serum. The different isozymes have slightly dif-
ferent kinetic properties due to their subunit compositions. The H, isozyme
(also called LDH 1) has a higher affinity for lactate as a substrate. The M,
isozyme (L.DH 5) is allosterically inhibited by pyruvate. These differences re-
flect the isozymes’ general roles in metabolism. The muscle is a highly anaero-
bic tissue, where the heart is not.

At this point one might ask why the reduction of pyruvate to lactate {a waste
product in acrobic organisms) is the Iast step in anaerobic glycolysis, a pathway
that provides energy for the organism by oxidation of nutrients. There is another
point 1o consider about the reaction, cne that invelves the relative amounts of
NAD™* and NADH in a cell. The half reaction of reduction can be written

Pyruvate + 2 H* + 2 ¢~ — Lactate
and the half reaction of oxidation is
NADH + H* — NAD* + 2 ¢~ + 2 H*>
The overall reaction is, as we saw earlier,
Pyruvate + NADH + H* — Lactate + NAD*

The NADH produced from NAD* by the earlier oxidation of glyceralde-
hyde 3-phosphate is used up with ne net change in the relative amounts of

Giyceraldehyde-
3phosphate

®

Lactate

1.3-Bisphesphoglycerate Pyruvate

NADH and NAD* in the celf (Figure 14.11). This regeneration is needed un-
der anaerobic conditions in the cell so that NAD™ will be present for further
glycolysis to take place. Without this regeneration, the oxidation reactions in
naerohbic organisms would scon come to a halt because of the lack of NAD* to

' serve as an oxidizing agent in fermentative processes. The production of lactate

buys time for the organism experiencing anacrobic metabolism and shifis some
of the load away from the muscles and onto the liver where gluconeogenesis
can reconvert lactate to pyruvate and glucose {Chapter 15). On the other hand,
NADH is a frequently eacountered reducing agent in many reactions, and it is
lost to the organism in lactate production. Aerobic metabolism makes more ef-
ficient use of reducing agents (*reducing power”) such as NADH because the
conversion of pyruvate to lactate does not occur in aerobic metabolism. The
NADH produced in the stages of glycolysis leading to the production of pyru-
vate is available for use in other reactions in which a reducing agent is needed.

Alcoholic Fermentation

Two other reactions related to the giycolytic pathway lead to the production of
ethanol by alcohelic fermentation. This process is one of the alternative fates of
pyruvate (Sectiont 14.1}. In the first of the two reactions that lead to the produc-
tion of ethanol, pyruvate is decarboxylated (loses carbon dioxide) to produce ac-
etaldehyde. The enzyme that catalyzes this reaction is pyruvate decarboxylase.

This enzyme requires Mg** and a cofactor we have not seen before, thi-
amine pyrophosphate (TPP}. (Thiamine itself is vitamin By.) In TPP the carbon
atom between the nitrogen and the sulfur in the thiazole ring {(Figure 14.12) is
highly reactive. It forms a carbanion {an ion with a negative charge on a
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FIGURE 14.11
The recycling of NAD* and NADH
in anaercbic glycolysis.
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518 CHAPTER 16 The Citric Aad Cycle
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FIGURE 16.3

An overview of the citric acid cycle. Note the names of the enzymes. The loss of CO. is
indicateg, as is the phospherlation of GDP to GTP. The production of NADH and
FADH. is also indicated.

163  Conversion of Pyruvate to Acetyl-CoA

onversion of Pyruvate to Acetyl-CoA

Pyruvate can come from several sources including glycolysis as we have seen. It
moves from the cytosol inte the mitochondrion via a specific wransporter.
There, an enzyme system called the pyruvate debydrogenase complex is re-
sponsible for the conversion of pyruvate to carbon dioxide and the acesyl por-
tion of acety--CoA. There is an —SH group at one end of the CoA molecule,
which is the point at which the acetyl group is attached. As a result, CoA is fre-
quently shown in equations as CoA-SH. Because CoA is a thio! (the sulfur [thio]
analog of an alcohol), acetyl-CoA is a thioester, with a sulfur atom replacing an
oxygen of the usual carboxylic ester. This difference is important, since
thicesters are high-energy compounds (Chapter 12). In other words, the hy-
drolysis of thioesters releases enough energy to drive other reactions. An oxi-
dation reaction precedes the transfer of the acetyl group to the CoA. The whole
process involves several enzymes, all of which are part of the pyruvaie dehy-
drogenase complex, The overall reaction

Pyruvate + CoA-SH + NAD* — Acetyl-CoA + CO, + H* + NADH

is exergonic (AG®' = —33%.4 k] mol™' = ~8.0 keal mol™!), and NADH can then
be used to generate ATP via the electron transport chain (Chapter 17).

The everall reaction of the pyruvate
dehydrogenase complex

pymuvate
dehydrogenase CO, M_u

compl mn\\
TRREAD

+ Mg lipole  NADH + H' Acetyl-CoA
NaD acid (16.1)

o) CoA-S5H
il

CH,—C —C0O"~
Pyruvate

CH,—C - 5 —CoA

Five enzymes make up the pyruvate dehydrogenase complex in mammals.
They are pyruvate dehydrogenase (PDH), dikydrolipoyl transacetylase, dthydrolipoyl de-
hydragenase, pyruvate dehydrogenase kinase, and fryruvate dehydrogenase phosphatase.
The first three are involved in the conversion of pyruvate to acetyl-CoA. The ki~
nase and the phosphatase are enzymes used in the control of PDH (Section
16.5) and are present on a single polypeptide. The reaction takes place in five
steps. Two enzymes catalyze reactions of lipoic acid, a compound that has a disul-
fide group in its oxidized form and two sulthydryl groups in its reduced form.
Lipoic acid differs in one respect from other coenzymes. It is a vitamin, rather
than 2 metabolite of a vitamin, as is the case with many other coenzymes (Table
5.3). (The classification of lipoic acid as a vitamin is open to question. There is
no evidence of a requirement for it in the human diet, but it is required for the
growth of some bacteria and protists.)

Lipoic acid can act as an oxidizing agent; the reaction involves hydrogen
transfer, which frequently accompanies biologicat oxidation-reduction reac-
tons (Section 12.9). Another reaction of lipoic acid is the formation of a
thicester linkage with the acetyl group before it is transferred to the acetyl-CoA.
Lipoic acid can act simply as an oxidizing agent, or it can simultaneously take
part in two reactions—a redox reaction and the shift of an acetyl group by
iransesterification.

The first step in the reaction sequence that converts pyruvate to carbon
dioxide and acetyl-CoA is catalyzed by pyruvate dehydrogenase, as shown in Fig-
ure 16.4. This enzyme requires thiamine pyrophosphate (TPP; a metabolite of
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| Electron Transport
“and Oxidative
Phosphorylation

Mitochondria, shown here, are
the sites of the citric acid eycle,
electron transport, and oxidative
phosphorylation. (D Dennis
Kunkel, Phototahe.)
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nergy derived from the oxidation of metabolic fuels is ultimately converted to ATP, the
energy currency of the cell. In eukaryotic cells, under aerobic conditions, ATP is generated
by the power of efectron transport along the inner membrane of the mitochondrion cou-
pled with protes transport across the inner membrane. The electron transport chain is actually
four closely related enzyme compiexes embedded in the inner mitochondrial membrane. In a se-
ries of oxidation-reduction transfers, they conduct electrons along the membrane from one
complex to arother until the electrons reach their final destination where they combine with
motecular oxygen to reduce O, to 2 H,0. The energy of electron transport can then be used by
three of these same enzyme complexes to pump protons across the inner membrane out into
the intermembrane space. The reverse flow of protons back through the membrane into the in-
ner matrix drives the production of ATP. An ATP synthase complex embedded in the inner mem-
brane hinds ADP ard phosphate to catalyze the formation of ATP. The flow of protons through
the ATP synthase from the intermembrane space to the inner matrix releases the new ATP that
has been synthesized. This process is very similar to the production of ATP by photosynthesis
[Chapter 19} in the thylakoid membrane of the chloropiast in green plants.

‘The Role of Electron Transport in Metabolism

Aerobic metabolism is a highly efficient way for an organism to extract energy
from nutrients. In eukaryotic cells, the aerobic processes (including conversion
of pyruvate to acetyl-CoA, the citric acid cycle, and electron transport) all occur
in the mitockondria, while the anaerobic process, glycolysis, takes place outside
the mitochondria in the cytosol. We have not yet seen any reactions in which
oxygen plays a part, but in this chapter we shall discuss the role of oxygen in
metabolism as the final acceptor of electrons in the electron transport chain.
The reactions of the electron transport chain take place in the inner mito-
chondrial membrane.

The energy released by the oxidation of nutrients is used by organisms in
the form of the chemical energy of ATP. Production of ATP in the mitochon-
dria is the result of oxidative phosphorytation, in which ADP is phosphorylated
to give ATP. The production of ATP by oxidative phosphorylation {an ender-
gonic process) is separate from electron transport to oxygen (an excrgonic
process), but the reactions of the electron transport chain are strongly linked
to one another and are tightly coupled to the synthesis of ATF by phosphoryla-
tion of ADP, The operation of the electron wanspert chain leads to pumping of
protons (hydrogen ions) across the inner mitochondrial membrane, creating a

Intermembrane Matrix

Inner mitochondrial
membrane

Quter mitochondrial
membrane

Electron transport leads
to proton pumping across
the inner mitochondrial
membrane

5

1

FIGURE 17.1

A proton gradient is established
across the inner mitochondrial
membrane as a resuit of electron
transpart. Transfer of electrons
through the electron transport
chain leads to the puraping of
protons from the matrix to the
intermembrane space. The proton
gradient (also called the pH
gradient), together with the
membrane potental (a voltage
across the membrane), provides the
basis of the coupling rechanism

that drives ATP synthesis.
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CHAPTER 17

Electron Transport and Oxidative Phosphorylation

tron:Transport from NADH to O, Requires
otr' Membrane-Bound Complexes

Intact mitochondria isolated from cells can carry out all the reactions of the
clectron transport chain; the eleciron transport apparatus can also be resolved
into its componént parts by a process nw%m fractionation. Four separate respi-
ratory complexes can be isolated from the inner mitochondrial membrane.
These complexes are multienzyme systems. In the last chapter, we encountered
other examples of such multienzyme complexes, such as the pyruvate dehy-
drogenase complex and the a-ketogiutarate dehydrogenase complex. Each of
the respiratory complexes can carry out the reactions of a portion of the elec-
tron transport chain.

Complex I The first complex, NADH-CoQ oxidoreductase, catalyzes the first
steps of electron transport, namely the transfer of eiectrons from NADII to coen-
zyme Q. This complex is an integral part of the inner mitochondrial membrane
and includes, among other subunits, several proteins that contain an iron-sulfur
cluster and the flavoprotein that oxidizes NADH. (The total number of subunits
is over 20. This complex is a subject of active research, which has proven io be a
challenging task because of its complexity. It is particularly difficult to generalize
about the nature of the iron—sulfur clusters because they vary from species to
species.) The flavoprotein has a flavin coenzyme, called flavin mononucleotide
or FMN, which differs from FAD in not having an adenine nucleotide.
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{Flavin mononucleotide)

The reaction occurs in several sleps with successive oxidation and reduction of
the flavoprotein and the iron-suifur moiety. The first step is the transfer of elec-
trons from NADH to the flavin portion of the flavoprotein:

NADH + H* + E—FMN — NAD™ + E—FMNH,

where the notation E—~FMN indicates that the flavin is covalently bonded to
the enzyme. In the second step, the reduced flavoprotein is reoxidized, and the
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FIGURE 17.4
The oxidized and reduced forms of coenzyme Q. Coenzyme  is also called
ubiquinone,

oxidized form of the iron—sulfur protein is reduced. The reduced iron-suifur
protein then donates its electrons to coenzyme Q (represented simply as CoQ), ,
which becomes reduced to CoQH, {Figure 17.4). Coenzyme Q is also called

ubiquinone. The equations for the second and third steps are shown here:

E—FMNH, + 2 Fe-S, 000 — E—FMN + 2 Fe—S, guced T+ 2H*
2 Fe—S, pueea + CoQ + 2H* - 2 Fe—8 5.0 + CoQH;

The notation Fe —§ indicates the iron-sulfur clusters. The overall equation
for the reaction is

NADH + H* + CoQ— NAD* + CoQH,

This reaction is one of the three responsible for the proton pumping (Figure
17.5) that creates the pH (proton) gradient. The standard free energy change
(AG®" = —81 %] mol' = ~19.4 kcal mol™") indicates that the reaction is
strongly exergonic, releasing enough energy to drive the phosphorylation of

Fumarate Succinate

Complex I

Succinate—CoQ}
oxidoreductase

Fe-§,

Fe-5,.4

ox

Cylereg Yoy B0

|
Cof)

NADH E-FMN_. _Fe-S,, Fe: ’
NAD* Fi

E-FMNH, Fe-Sg CoQHj eSiy Cyt ey Cytoeq to,
\ - ’
Complex I W&H : Complex 11T Complex TV
NADH-CeQ) b CoQQHy—cytochrome ¢ Cytochrome oxidase

oxidoreductase Cytd oxidoreductase

FIGURE 17.5

The electron transport chain, showing the respiratory complexes. In the reduced
cytochrotnes, the iton is in the Fe (1T} oxidation state; in the oxidized cytochromaes, the
oxygen is in the Fe(lll) oxidation state.
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FIGURE 17.12
Some uncouplers of oxidative phospheryiation: 2,4-dinitrephenol, valinemycin, and
gramicidin A.

complex is cailed ATP synthase. It is also known as mitochondrial ATPase be-
cause the reverse reaction of ATP hydrolysis, as well as phosphorylation, can be
catalyzed by the enzyme. The hydrolytic reaction was discovered before the re-
action of the synthesis of ATP, hence the name. The 1927 Nobel Prize in chem-
istry was shared by an American scientist, Paul Boyer of UCLA, and a British sci-
entist, Johr Walker of the Medical Research Councit in Cambridge, England,
for their elucidation of the structure and mechanism of this enzyme. {The
other half of this prize went to a Danish scientist, Jens Skou, for his work on the
sodium~-potassium pump {Section 6.6], which also functions as an ATPase.)

Compounds known as uncouplers inhibit the phosphorylation of ADP
without affecting electron transport. A well-known example of an uncoupler is
2, 4-dinitrophenol. Various antibiotics such as valinomycin and gramicidin A are
also uncouplers (Figure 17.12). When mitochondrial oxidation processes are
operating normally, electren wransport from NADH or FADH, to oxygen results
in the production of ATP. When an uncoupler is present, oxygen is still re-
duced to H,O, but ATP is not produced. If the uncoupler is removed, ATP syn-
thesis linked to electron transport resumes.

A term called the P/O ratio is used to indicate the coupling of ATP pro-
duction to electron transport, The P/O ratio gives the number of moles of P;
consumed in the _.amnson ADP + P,— ATP for each mole of oxygen atoms
consumed in the reaction < OH + 2H* + Ze~ — H,;0. As we have already men-
tioned, 2.5 moles of ATP E‘o produced when 1 mole of NADH is oxidized to
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NAD*. Recall that oxygen is the ultimate acceptor of the electrons from NADH
and that .ml mole of O; molecules {one mole of oxygen atoms) is reduced for
each mole of NADH oxidized. The experimentatly determined P/O ratic is 2.5
when NADH is the substrate oxidized. The P/O ratio is 1.5 when FADH, is the
substrate oxidized (alse an experimentally determined value}. Until recendy,
biochemists had used integral values of 3 and 2 for the P/O ratios for reoxida-
tion of NADH and FADH,, respectively. The nonintegral consensus values
given here clearly underscore the complexity of electron transport, oxidative

phosphorylation:, and the manner in which they are coupled.

The Mechanism of Coupling in Oxidative
‘Phosphorylation

Several mechanisms have been proposed to account for the coupling of elec-
tron transport and ATP production. The mechanism that served as the point of
departure in all discussions is chemiosmotic coupling, which was later modified
to include a consideration of conformational coupling.

Chemiosmotic Coupling

As originally praposed, the chemiosmotic coupling mechanism was based en-
tirely on the difference in proton concentration between the intermembrane
space and the maerix of an actively respiring mitochondrion. In other words,
the praton (hydrogen ion, H*) gradient across the inner mitochondrial mem-
brane is the crux of the matter. The proton gradient exists because the various
proteins that serve as electron carriers in the respiratory chain are not sym-
metrically oriented with respect to the iwo sides of the inner mitochondrial
membrane, nor do they react in the same way with respect to the matrix and
the intermembrane space (Figure 17.13). Note that Figure 17.13 repeats the in-
formation found in Figure 17.7 with the addition of the flow of protons. The
number of protons transported by respiratory complexes is uncertain and even
a matter of some controversy, Figure 17.13 shows a consensus estimate for cach

Complex | Complex 111
-

Iatermembrane
space

sEsesene s

LMY m_...m-_ bilayer

Essential Information

The coupling of electron trans-
pore 1o oxidative vromvroﬂim&@
requires a  muitisubunit  mege-
brane-bound enzyme, ATP syn-
thase, This enzyme has a channel
for protons to flow from the in-
termembrane space into the mi-
tochondrial matrix, The proton
flow is coupled to ATP produc-
tion in a process that appears to
invelve a na:moguu w_& nrmbwn

Complex 1V
2{HY

FIGURE 17.13

The creation of a proton gradient in chemiosmotic coupling. The overall effect of the
electron transport reaction series is lo move protons (H*) out of the matrix into the
intermembrane space, creating a difference in pH across the membrane.
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Essential Information

Fhe electron ranspert chain con-
sists of four multsubunit mem-
brane-bound complexes and two
mobile electron carriers (coen-
zyme Q and cytochrome ¢), The
reactions that take place in three
of  these- complexes generate
. enough energy to drive the phos
. phorylation of ADP-to AT

30.5 k] moi~ = 7.3 keal mol™!, and the reaction catalyzed by the third complex
suppties enough energy to drive the production of ATF.

Complex IV The fourth complex, cytochrome ¢ oxidase, catalyzes the final steps
of electron transport, the transfer of electrons from eytochrome ¢ to oxygen.
The overall reaction is

2 Cyt dFe(ID)] + 2 H* + 3 0, — 2 Gyt d[Fe(lID] + H.O

Proton pumping also takes place as a result of this reaction. Like the other res-
piratory complexes, cytochrome oxidase is an integral part of the inner mito-
chondrial membrane and contains cytochromes & and as, as well as twe Cu®*
ions that are involved in the electron transport process. Taken as a whole, this
complex contains about ten subunits. In the fiow of electrons, the copper ions
are intermediate electron acceptors that lie between the two atype cy-
tochromes in the sequence

Cyte— Cyta— Cu™* = Gyt ay— O,
To show the reactions of the cytochromes more explicity,

Cyt ¢ [reduced, Fe (ID)] + Cy1 aa, [oxidized, Fe(IH}] —
Cyt agy [reduced, Fe(Il)] + Cyt ¢ [oxidized, Fe(LII)]

Cytochromes a and g, taken together form the complex known as cytochrome
oxidase. The reduced cytochrome oxidase is then oxidized by oxygen, which is
itself reduced to water. The half reaction for the reduction of oxygen {oxygen
acts as an oxidizing ageni) is

3 O, + 2H* + 200 > H0
The overall reaction is

2 Cyt aay [reduced, Fe(il}] + ma O, + 2H* —
2 Cyt aq, [oxidized, Fe(IlI)] + H,O

Note that in this final reaction we have finally seen the link to molecular oxygen in aero-
bic metabolism.

The standard free energy change (AG®") is —110 k] = —26.3 keal for each
mole of NADH that enters the electron transport chain (see Figure 17.6). We
have now seen the three places in the respiratory chain where electron trans-
port is coupled to ATP production by praton pumping. These three places are
the NADH dehydrogenase reaction, the oxidation of cytochrome 4 and the re-
action of cytochrome oxidase with oxygen, although the mechanism for proion
transfer in cytochrome oxidase remains a mystery. Table 17.2 summarizes the
encrgetics of electron transport reactions.

Cytochromes and Other lron-Containing Proteins
of Hectron Transport

In contrast to the electron carriers in the early stages of electron transport,
such as NADH, FMN, and Co@Q), the cytochromes are macromolecules. These
proteins are found in all types of organisms and are typically located in mem-
branes. In evkaryotes, the usuat site is the inner mitochendrial membrane, but
cytochromes can also oceur in the endoplasmic reticulum.

All cytochromes contain the heme group, a part of the structure of hemo-
globin and myoglobin {Section 4.4). In the cytochromes, the iron of the heme

TABLE 17.2 The Energetics of Electron Transport Reactions

A

133 keal

17.3  Electron Transport from NADH to 0, Requires Four Membrane-Bound Complexes

fmol NADH)™! (mal/NADH)™!
NADH + H* + E—FMN — NAD* + E—FMNH, —38.6 —5.2
i E—FMNH, + CoQ — E—FMN + CoQH, —42.5 —-10.2
CoQIH,; + 2 Cyr H{Fe(Ill}] = CoQ + +11.6 +2.8
© 2H* + 2 Cyr BFe(ID)]
L2 Cyt B[Fe(T1}] + 2 Cyt g[Fe{lll}] ~— —34.7 —-33
© 2 Gyt ofFe(I)] + 2 Cyt H[Fe(i)]
L 2Cyt g[Fe{ID)] + 2 Gyt ¢[Fe(lI)] — ~5.8 —1.4
2 Cyt fFe (11} + 2 Cyt o[Fe(1l) §
"2 Gyt [Felil)] + 2 Oyt (aas) [Fe(lID] —» -7 -18
2 Gyt (aay) [Fe(ll)] + 2 Cyr e Fe(IIH)]
2 Cyt {am) [Fe(ID] + W O, +2H"— —102.3 —-945
2 Cyt {aw) [Fe(lll)] + H;O
- Owerall reaction;
NADH + H* + 3 O, — NAD* + H,0 -290 -526

group does not bind to oxygen; instead, the iron is invoived in the series of re-
. dox reactions, which we have already seen. There are differences in the side
chains of the heme group of the cytochromes involved in the various stages of
' electron transport (Figure 17.9). These structural differences, combined with
the variations in the pelypeptide chain and in the way the polypeptide chain is
attached to the heme, account for the differences in properties among the cy-
tochromes in the electron transport chain.
Nonheme iron proteins do not contain a heme group, as their name indi-
cates. Many of the most important proteins in this category contain sulfur, as is

Propionyl
group

FIGURE 17.9

The heme group of cytochromes. (a) Structures of the heme of all & eytochromes and
of hemogiobin and myoglobin. The wedge bonds show the fifth and sixth
coordination sites of the iron atemn. (b) A comparison of the side chains of aand ¢
cytochromes to those of & cytochromes,
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the case with the iron-sulfur proteins that are components of the respiratory
complexes. The iron is usually bound 1o cysteine or 1o $*~. There are stitl many
questions about the location and mode of action of iron-sulfur proteins in
mitochondria.
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nonherme iron proteins

_ s |

— —C
Cys m/ \m \m ys
_ \mm/ \mn/ _
Cys— S 5 S —Cys
_ _
|
5 Cys
! m|m.\
Cys— 8§ €
TN /S \ﬁ
Fe S
h Fe—}—S$
e
S Fe

17.4 The Coupling of Oxidation to Phosphorylation

Some of the energy released by the oxidation reactions in the ¢lectron trans
port chain is used to drive the phosphorylation of ADP. The phosphorylation
of each mole of ADP requires 30.5 k] = 7.3 kcal, and we have seen how cach of
the reactions catalyzed by three of the four respiratory complexes provides
more than enough energy to drive this reaction, although it is by no means a
direct usage of this energy. It is a common theme in metabolism that energy to
be used by cells is converted to the chemical energy of ATP as needed. The
energy-rejeasing oxidation reactions give rise te proton pumping and thus e
the pH gradient across the inner mitochondrial membrane. In addition 1o the
pH gradient, there is a voltage difference across the membrane generated by
the concentration differences of ions inside and out, The energy of the elec-
trochemical potential (voliage drop) across the membrane is converted to the
chemtical energy of ATP by the coupling process.

A coupling factor is needed to link oxidatien and phosphorylation. A com-
plex protein oligomer, separate from the electron transport complexes, serves
this function; the complete protein spans the inner mitechondrial membrane
and projects into the matrix as well. The portion of the protein that spans the
membrane is called F,. [t consists of three different kinds of polypeptide chains
(a, b, and c), and research is in progress to characterize it further, The portion
that projects into the matrix is called Fy; it consists of five different kinds of
polypeptide chains in the ratio asByySe. Electron micrographs of mitochondria
show the projections into the matrix from the inner mitochondrial membrane
(Figure 17.10). The schematic organization of the protein can be seen in
Figure 17.11. The F, sphere is the site of ATP synthesis. The whole protein

Matrix

Intermembrane space
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FGURE 17.10

Electron micrograph of projections
inte the marrix space of a
mitochondrion. Note the difference
in scale berween Part a and Part b,
‘The top arrows indicate the matrix
side and the F, subunit. The boltem
arrow in part b indicates the
intermembrane space. {Photo
Researchers, Inc.)

FIGURE 17.11

A model of the F, and F,
components of the ATP synthase, a
rotating melecular metor. The a, b,
a, B, & subunits constituie the stator
of the motor, and the ¢, v, and ¢
subunits form the rotor. Flow of
protons through the siructure turns
the rotor.
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ATP can be produced by closed
vesicles with bacteriorhndopsin as a
PIOton pusng.
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FIGURE 17.14
Closed vesicles prepared from mitochondria can pump protons and produce ATE.

complex. In the process of clectron transport, the proteins of the respiratory
complexes take up protons from the matrix to transfer them in redox reac-
tions; these electron carriers subsequently release protons into the intermem-
brane space when they are reoxidized, creating the proton gradient. As a re-
suls, there is a higher concentratien of protons in the intermembrane space
than in the matrix, which is preciscly what we mean by a proton gradient. It is
known that the intermembrane space has a lower pH than the matrix, which
is another way of saying that there is a higher concentration of protons in the
intermembrane space thar in the matrix. The preton gradient in turn can
drive the production of ATP that occurs when the protons flow back into the
matrix.

Sirce chemiosmotic coupling was first suggested by the British scientist Pe-
ter Mitchell in 1961, a considerable body of experimental evidence has accu-
muiated to support it.

Purified Purified
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mitochondrial  Intermembrane  mitechondrial
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FIGURE 17.16

mitochondrial matrix.

1. A system with definite inside and outside compartments (closed vesicles) is
essential for oxidative phosphorylation. The process does not occur in solu-
ble preparations or ir membrane fragments without compartmentalization.

2, Submitochondrial preparations that contain closed vesicles can be pre-
pared; such vesicles can carry out oxidative phosphorylation, and the asym-
metrical orientation of the respiratory complexes with respect to the mem-
brane can be demonstrated (Figure 17.14).

3. A model system for oxidative phosphorylation can be constructed with pro-
ton pumping in the absence of electron transport. The model system con-
sists of reconstituted membrane vesicles, mitochondrial ATF synihase, and a
proton pump. The pump is bacteriorhodopsin, a protein found in the mem-
brane of halohacteria. The proton pumping takes piace when the protein is
illuminated (Figure 17.15).

4. The existence of the pH gradient has been demonstrated and confirmed ex-
perimentally.

The way in which the proton gradient leads to the production of ATP de-
pends on ion channels through the inner mitochondrial membrane; these
channels are a feature of the structure of ATP synthase. Protons flow back into
the matrix through ion channels in the ATP synthase; the Fy part of the protein
is the proton channel. The flow of protons is accompanied by formatien of
ATP, which takes place in the F; unit (Figure 17.16). The unique feature of
chemiosmotic coupling is the direct linkage of the proton gradient to the phos-
phorylation reaction. The details of the way in which phosphorylation takes
place as a result of the linkage to the proton gradient are not explicitly speci-
fied in this mechanism.

A reasonable mode of action for uncouplers can be proposed in light of
the cxistence of a proton gradient. Dinitrophenol is an acid; its conjugate base,
dinitrophenclate anion, is the actual uncoupler because it can react with pro-
tons in the intermembrane space, reducing the difference in proton concen-
tration between the two sides of the inner mitochondrial membrane. The an-
tibiotic uncoupiers such as gramicidin A and valinomycin are ionophores,
creating a channel through which ions such as H', K*, and Na*® can pass
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Formation of ATP accompanies the
fiow of protons back into the
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Lush rain forest vegetation,
Photosynthesis linked to oxygen plays
an essential role in all life, plant and
animal. {Paul Harris/Tony Stone
Iinages.)
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18.1

he drama cf phetosynthesis, converting sunlight to energy-rich carbohydrates, is played
out in the chioroplast “theater” of the green plant. In each chloraplast, there are stacks
F of thylakoid disks, The thylakoid membrane inside each disk is the lighted stage where the
drama of Act | is performed. Here the energy of light is captured by electrons of chlorophylt
malecules. The excited electrons are passed along a series of acceptors in an electron transpert
chain. in the process, 2 molecute of water is split, and oxygen is refeased into the atmaosphere.
AL the same time, protons pumped out of the thylakoid membrane drive the production of ATP.
Excited electrons reduce NADP* to NADPH, and the stored energy is used in Act Il for the
biosynthesis of glucose, which takes place in the dark of the stroma outside the thylakoid mem-
brane. Carbon dioxide from the atmosphere is combined with 3 five-carbon sugar to produce,
through an intermediate, two 3-carbor sugars and eventually the six-carbon molecule of glu-
cose. The energy to drive this biosynthesis comes from ATP and the reducing power of NADPH,
the reduced farm of nicotinamide adenine dinucleotide phosphate. Plants, at the bottom of the
food chain, toil in the sun to store encrgy and generate exygen for the benefit of all animals on
earth,

Chloroplasts and Chisrophylls

It is well known that photosynthetic organisms, such as green plants, convert
carbon dioxide (CO,) and water to carbohydrates such as glucose (written here
as CgH,,O04) and molecular oxygen (O,).

6 0O, + 6 HiO — CHpO; + 6 0,

The equation actually represents two processes. (ne process, the oxidation
of water to produce oxygen (the light reactions), requires light energy from the
sun. The light reactions of photosynthesis in prokaryotes and eukaryotes de-
pend on solar energy, which is absorbed by chlorophyll to supply the energy
needed in the light reactions. The light reactions also generate NADFPH, which
is the reducing agent needed in the dark reactions. The other process, the fix-
ation of CO, to give sugars {the dark reactions), does not use solar energy di-
rectly but rather uses it indirectly in the form of the ATP and NADPH produced
in the course of the light reactions.

In prokaryotes such as cyanobacteria, photosynthesis takes place in gran-
ules bound to the plasma membrane. The site of photosynthesis in eukaryotes
such as green plants and green algae is the chloroplast (Figure 19.13, a
membrane-bounded crganelle that we discussed in Section 1.5,

Like the mitochondrion, the chloroplast has inner and outer membranes
and an intermembrane space, In addition, within the chloroplast are bodies
called grana, which consist of stacks of fiattened membranes called thylakoid
disks. The grana are connected by membranes called intergranai lamellae.
The thylakeid disks are formed by the folding of a third membrane within the
chloroplast. The folding of the thylakoid membrane creates two spaces in
the chloroplast in addition to the intermembrane space. The stroma lies within
the inner membrane and outside the thylakeid membrane. In addition to the
stroma, there is a thylakeid space within the thylakoid disks themselves. The
trapping of light and the production of oxygen take place in the thylakoid
disks. The dark reactions, in which CQ, is fixed to carbohydrates, take place in
the stroma.

It is well established that the primary event in photosynthesis is the ab-
sorption of light by chlerophyll. The high energy states (excited states) of
chlorophyll are useful in photosynthesis because the light energy can be passed
along and converted 10 chemical energy in the light reaction. There are two
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In eukaryotes, photosynthesis
takes place in chloroplasts, The
light reactions take place in the
thylakoid membrane, a  third
membrane in chloroplasts in ad-
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principal types of chlorophyll, chiorophyli a and chirophyll b. Eukaryotes such as
green plants and green algae contain both chlorophyll ¢ and chlorophyll &
Prokaryotes such as cyanobacteria {formerly called blue-green algae) contain
only chlorophyll a. Photosynthetic bacteria other than cyanobacteria have bac-
teriachlorophylls, with bacferiochlorophyll a being the most common. Organisms
such as green and purple sulfur bacteria, which contain bacteriochlorophylls,
do not use water as the ultimate source of electrons for the redox reactions of
photosynthesis, nor do they produce oxygen. Insiead, they use other electron
sources such as H,S, which produces elemental sulfur instead of oxygen. Or-
ganisms that contain bacteriochlerophyll are anaerobic and have only one pho-
tosystem, whereas green plants have two different photosystems as we shall see.

The suucture of chlorophyll is similar to that of the heme group of myo-
globin, hemeglobin, and the cytochromes in that it is based on the tetrapyrrole

CH,

Fused cyclopentanone ring
Lo

i [ i i
CHyCHyCOGH,CH = COH,CH,CH,CHCH, GH,CH,CHOH, GH,CHLCHCH,

HyC H,C

Hydrophobic phytol side chain that anchors chlorophyll

¥ is —CHj in chlorophyil & molecuies in hydrophobic region of thylakoid membrane

Y is —CHO in chlorophylt &
Y 15 -CH; in bacteriochlorophyll a
{and highlighted bond is saturated)

FIGURE 19.2
Molecular structures of chilorophyll @, chiorophyll 4, and bacteriochlorophyil a.
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ring of porphyrins (Figure 19.2). (See Section 4.4.) The metal jon bound to the
tetrapyrrole ring is magnesium, Mg(Il), rather than iron, which occurs in
heme. Another difference between chicrophyll and heme is the presence of a
cyclopentanone ring fused to the tetrapyrrole ring. There is a long hydropho-
bic side chain, the phytol group, which contains four isoprenoid units {five-
carben units that are basic building blocks in many lipids; Section 18.8) and
which binds to the thylakoid membrane by hydrophobic interactions. The phy-
tol group is covalently bound to the rest of the chlorophyll molecule by an es-
ter linkage between the alcohol group of the phytol and a propionic acid side
chain on the porphyrin ring. The difference between chlerophyll aand chloro-
phyll &lies in the substitution of an aldehyde group for a methyl group on the
perphyrin ring. The difference between bacteriochlorophyll @ and chlorophyll
a is that a double bond in the porphyrin ring of chlorophyll z is saturated in
bacteriochlorophyll a. The lack of a conjugated system (alternating double and
single bonds) in the porphyrin ring of bactericchlorophylls causes a significant
difference in the absorption of light by bacteriochlorophyll & compared with
chlorophyll a and b.

The absorption spectra of chlorephyll a and chlorophyll & differ slightly
{Figure 19.3). Both absorb light in the red and biue portions of the visible spec-
trum (600 to 700 nm and 400 to 509 nm, respectively), and the presence of
both types of chiorophyll guarantees that mere wavelengths of the visible spec-
trum are absorbed than would be the case with either one individually. Recall
that chlorophyll g 1s found in all photosynthetic organisms that produce oxy-
gen. Chlorophyll #is found in eukaryotes such as green plants and green algae,
but it occurs in smailer amounts than chlorophyil a. The presence of chloro-
phyll &, however, increases the portion of the visible spectrum that is absorbed
and thus enhances the efficiency of photosynthesis in green plants compared
with cyanobacteria. In addition to chlorephyll, various accessory pigments
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FIGURE 19.3

{a) The absorption of visible light by chlorophylls 2 and b. The areas marked 1, I1, and
I are regions of the spectrum that give rise to chloroplast activity. There is greater
activity in regions 1 and IT1, which are close to major absorpition peaks. There are high
levels of O, production when light from regions I and 1 is absorbed by chloroplasts.
Lower {but measurable) activity is seen in region II, where some of the accessory
pigmenis absorb. (b) The absorption of light by accessory pigments (superimposed on
the absorption of chlorophylls @ and 8). The accessory pigments absorb light and
transfer their energy 1o chlorophyll.
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FIGURE 19.4

Schematic diagram of a
photosynthetic unit. The light
harvesting pigments, or antenna
molecules (green), absorb and
wansfer light energy to the
specialized chlorophyli dimer that
constitutes the reaction center
(orange).

Photosynthesis

absorb light and wansfer energy to chlorophylls (Figure 19.3b). Bacteri-
ochiorophylls, the molecular form characteristic of photosynthetic organisms
that do not produce oxygen, absorb light at longer wavelengths. The wave-
length of maximum absorption of bacteriochlorophyll a is 780 nm; other
bacteriochlorophylls have absorption maxima at stili longer wavelengths, such
as 870 or 1050 nm. Light of wavelength longer than 800 nm is part of the in-
frared, rather than the visible, region of the spectrum. The wavelength of light
absorbed plays a critical role in the light reaction of photosynthesis because the
energy of light is inversely related to wavelength (see the Biochemical Connec-
tions box below}.

Most of the chiorophyi melecules in a chloroplast simply gather light (an-
tennae chlorophylls). All chloraphylls are bound to proteins, either in anten-
nae complexes or in one of two kinds of photosystems {membrane-bound pro-
tein complexes that carry out the light reactions). The light-harvesting
molecudes then pass their excitation energy along to z specialized pair of
chlorophyll molecules at a reaction center characteristic of each photosystem
(Figure 19.4). When the light energy reaches the reaction center, the chemical
reactions of photosynthesis begin. The different environments of the antennae
chlorophylls and the reaction-center chiorophylls give different properties to
the two different kinds of molecules. In a typical chloroplast, there are several
hundred light-harvesting antennze chlorophylls for each unique chlerophyll at
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In the visible spectram; hlue light has a shorter wavelength (A), higher
. frequency {v), and higher energy. () than red fight. Intermediate values
of all these &Em&ﬁ are Wmn..ﬂ@ﬂ.u for other coloxs of the visible spee-
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a reaction center. The precise nature of reaction centers in both prokaryotes
and eukaryotes is the subject of active research.

2 - The Light Reactions of Photosynthesis:
Photosystems | and |l

In the light reactions of photosynthesis, water is converted to oxygen by oxida-
tion and NADP* is reduced to NADPH. The series of redox reactions is cou-
pled 1o the phosphorylation of ADP to ATP in a process called photophosphor-
Ylation.

1

H,O + NADP* — NADPH + H* + 302

ADP + P, — ATP

The light reactions consist of two parts, accomplished by two distinct but re-
lated photosystems. One part of the reaction is the reduction of NADP* to
NADPH, carried out by Photosystem I (PSI). The second part of the reaction
is the oxidation of water to produce oxygen, carried out by Photosystem IT
(PSII}). Both photosystems carty out redox {electron transfer) reactions. The
two photosystems interact with each other indirectly through an electron trans
port chain that links the two photosystems. The production of ATP is linked to
electron transport in a process similar io that seen in the production of ATP by
mitochondrial electron transport.

In the dark reactions, the ATP and NADPH produced in the light reaction
provide the energy and reducing power for the fixation of CO,. The dark re-
actions also constitute a redox process, since the carbon in carbohydrates is in
a more reduced state than the highly oxidized carbon in COs. The light and
dark reactions de not take place separately, but they are separated for purposes
of discussion only.

The net electron transport reaction of the two phoiosystems taken together
is, except for the substitution of NADPH for NADH, the reverse of mitochon-
drial electron transport. The half-reaction of reduction is thar of NADP* to
NADPH, whereas the halfreaction of oxidation is that of water to oxygen.

NADP* + 2 H* + 2 ¢~ — NADPH + H~
HO—=30,+2H" + 2

NADP* + ;0 — NADPH + H* + 5 O,

This is an endergonic reaction with a positive AG® = +220 k] mol™! =
+52.6 kcal mol~'. The light energy absorbed by the chlorophylls in both pho-
tosystems provides the energy that allows this endergonic reaction to take
place. A series of electron carriers imbedded in the thylakoid membrane link
these reactions. The electron carriers have an organization very similar to the
carriers in the electron transport chain.

Photosystem I can be excited by light of wavelengths shorter than 700 nm,
but Photosystem I requires light of wavelengths shorter than 680 nm for exci-
tation. Both photosystems must operate for the chloroplast to produce
NADPH, ATP, and O., because the two photosysterns are connected by the
electron transport chain. The two systems are, however, structurally distinct
in the chloroplast; Photosystern I can be released preferentially from the
thylakoid membrane by treatment with detergents. The reaction centers of the
two photosystems provide different environments for the unigque chlorephylls

Essential Information

The absorption of light by chloro-
phyil supplies the energy o)
quired for the reactions of vroﬁmﬁ_
synthesis. Several different kinds
of chlorophyll are known. All
have a tetrapyrrole ring structure
similar to that of the porphyrins
of heme, but they also have dif-
ferences that affect the wave-
length of light they. absorb. This
properiy aliows moré wavelengths

ight 10" be. absorbed than

Essential Information

Photosynthesis consists of two
processes. The Light reactions are
electron transfer processes, in
which warer is oxidized to pro-
duce oxygen and NADP* is re-
duced to produce NADPH. The
dark reactions are also electron
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Photosystem I

Light

A < 680 nm
’
d

Mn prolein

Photosynthests

involved. The unique chlorophyll of Photosystem I is referred to as Py, where
P is for pigment and 700 is for the longest wavelength of absorbed light (700
nm) that initiates the reaction. Similarly, the reaction-center chiorophyll of Pho-
tosystemn II is designated Pgy, because the longest wavelength of absorbed light
that initiates the reaction is 680 nm. Note particularly that the path of clectrons
starts with the reactions in Photosystern I1 rather than in Photosystem k. The rea-
son for the nomenclature is that Photosystem I was studied extensively at an car-
lier date than Photosystem 11 because it is easier o extract Photosystem 1 from
the thylakoid membrane than it is to do so with Photosystem I1. There are two
places in the reaction scheme of the two photoesystems where the absorption of
light supplies energy to make endergonic reactions take place {Figure 19.5)

Neither reaction-center chlorophyll is a strong-enough reducing agent 1o
pass electrons to the next substance in the reaction sequence, but the absorp-
tion of light by the chlorophylls of both photosystems provides enough energy
for such reactions to take place. The absorption of light by Chly (Pe) allows
electrons to be passed to the electron transport chain that links Phetosystem 11
and Photosystem I and generates a strong-enough oxidizing agent to split wa-
ter, producing oxygen. When Chl, (P} absorbs light, enough energy is pro-
vided to allow the ultimate reduction of NADP” to take place. (Note that the
energy difference is shown on the versical axis of Figure 19.5. This type of dia-
gram is alse called a Z scheme. The “Z" is rather lopsided and lies on its side,
but the name is common.) In both photosystems, the result of supplying energy
(light) is analogous to pumping water uphill.

Photosystem |

l.e/y Ferredoxin

Light
A <700 nm
£

4

2
3
£

NADP*
NADPH

FIGURE 19.5

Electron flow i Photosysterns [ and E. The energy needed 1o ransfer elecirons from
H,O to NADP* is provided by the absorption of light by Photosystems I and I {vertical
[up] arrows). After each absorption of light, the etectrons can then flow “downhill”
(diagenal {down] arrows), Photophosphorylation of ADP 1o yield ATP is coupled to
the electron transport chain that links Photosystem I1 to Photosystem 1. (Chlis
chlerophyll; Pheo is pheophytin; PQ) is plastoquinone; PC is plastocyanin.) The
electron carriers Urat mediate the transfer of electrons from HyO o Photosystem I1
include a manganese-containing protein and a protein with an essential tyrosine
residue, referred 1o as component Z.
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Photosystem {l: Water s Split to Produce Oxygen

The oxidation of water by Photosystem II te produce oxygen is the ultimate
source of electrons in photosynthesis. These electrons are subsequently passed
from Photosystern Il to Photosystemn 1 by the electron transport chain. The elec-
trons from water are needed to “All the hole” that is left when the absorption
of one photon of light leads to donation of an ¢lectron from Photosystem II to
the electron transport chain.

The electrons released by the oxidation of water are first passed to Chly,
which is reduced.

2 H,O + 4 Chly- — O, + 4 H* + 4 Chl,

There are intermediate steps in this reaction because four electrons are required
for the oxidation of water, and Chl;s {Pyo-) can accept only one electron at a
time. A manganese-containing protein and several other protein components are
required. The oxygen-evolving complex of Photosystem 1l passes through a series
of five oxidaticn states {designated as S, through S,) in the ransfer of four elec-
trons in the process of evolving oxygen (Figure 19.6). One electron is passed
from water to PS{I for each quantum of light. In the process, the components of
the reaction center go successively through oxidation states 5, through S;. The 5,
decays spontaneously to the S, state and in the process oxidizes two water mole-
cules to one oxygen molecule. Note that four protons are released simuitane-
ously. The immediate electron donor, designated Z or ) depending on the
source one consults, to the Py, chlorophyll is a tyrosine residue of one of the pro-
tein components that does not contain manganese. Several quinones serve as in-
termediate electron transfer agents to accommodate four clectrons donated by
one water molecule. Redox reactions of manganese also play a rolc here. {See
the artidle by Govindjee and Coleman listed in the bibliography at the end of this
chapter for a discussion of the workings of this comptex.)

In Photosystem II, as in Photosystem I, the absorption of light by chloro-
phyll in the reaction center produces an excited state of chlorophyll. The wave-
length of light is 680 nm; the reaction-center chiorophyll of Photosystem 11 is
also referred to as Pgg.

Chl, + Aw (680 am) — Chly,

The excited chlorophyll passes an electron to a primary acceptor. In Photosys-
tem I, the primary electron acceptor is a molecule of pheophytin (Pheo), one
of the accessory pigments of the photosynthetic apparatus. The structure of
pheophytin differs from that of chlorophyil only in the substitution of two hy-
drogens for the magnesium. The transfer of electrons is mediated by events
that take place at the reaction center. The next electron acceptor is plaste-
quinone {PQ). The structure of plastoquinone (Figure 19.7) is similar to that
of coenzyme Q) {(ubiquinone), a part of the respiratory electron transport chain
{(Section 17.4), and serves a very similar purpose in the transfer of electrons
and hydrogen ions.

<
AN

FIGURE 19.6

The PSII reaction center passes
through five different oxidation
states, S, through S,, in the course
of vxygen evolution.

0
HLC H
H,C T H
o G, 510
Plastoquinone
FEGHURE 19.7

The structure of plastoquinone. The
length of the aliphatic side chain
varies in different organisms.
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Essential Information

The path of electrons in the light
reactions of photosynthesis can
be considered to have three parts.
The first is the transfer of elec-
trons from water to the reaction-
center chlorophyll of Photosys-
tem II. The second part is the
transfer of electrons from the ex-
cited-state chlorophyll of Photo-
systere T 10 an electron-transport
chain consisting of accessory pig-
ments and cylochromes, with en-
ergy provided by absorption of a
photon of light. The components
of this electron-transport chain
resemble those of the mitochon-
drial electron-wansport - chain;
they pass the electrons to the re-
action-center chlorophyll of Pho-

tosystem 1.-The third and lastpart .
of .the path of the clectrons is.

ited:

Photosynithests

The electron transport chain that links the two photosystems consists of
pheophytin, plastoquinone, a complex of plant cytochromes (the bef com-
plex), a copper-containing protein called plastocyanin (PC), and the oxidized
form of P (Chl) (see Figure 19.5). The b/ complex of plant cytochromes
consists of two btype cytochromes (cytochrome &) and a stype cytochrome (cy-
tochrome f). This complex is similar in structure to the b complex in mito-
chondria and occupies a similar central position in an electron transport chain.
This part of the photosynthetic apparatus is the subject of active rescarch.
There is a possibility that a Q-cycle (recall this from Section 17.3) may operate
here as well, and the object of some of this research is to establish definitely
whether this is so. In plastocyanin, the copper ion is the actual electron carrier;
the copper ion exists as Cu{Il) and Cu(l) in the oxidized and reduced forms,
respectively. This electron ransport chain has another similarity to that in mi-
tochondria, that of coupling to ATP generation.

When the oxidized chlorophyil of Py, accepts electrons from the electron
transport chain, it is reduced and subsequently passes an eleciron to Photosys-
tem I, which absorbs a second photon of light. Abserption of light by Photo-
syster 11 does not raise the electrons to a high enough energy level to reduce
NADP*; the second photon absorbed by Photosystem [ provides the needed en-
ergy. This difference in energy makes the “Z” of the Z scheme thoroughly lop-
sided, but the transfer of electrons is complete.

Photosystem |: Reduction of NADP*

The absorption of light by Chl; then leads to the series of electron transfer re-
actions of Photosystem 1. The substance to which the excited-state chiorophyll,
Chl,., gives an electron is apparenily a molecule of chlorophyll ¢; this transfer
of electrons is mediated by processes that take place in the reaction center. The
next electron acceptor in the series is bound ferredoxin, an iron-sulfur protein
occurring in the membrane in Photosystem 1. The bound ferredoxin passes its
electron ¢ a melecule of soluble ferredoxin. Sotuble ferredoxin in turn re-
duces an FAD-containing enzyme called ferredoxin-NADP reductase. The FAD
portion of the enzyme reduces NADP* to NADPH (Figure 19.5). We can sum-
marize the main features of the process in two equations, in which the notation
ferredoxin refers to the soluble form of the protein.

Chl,. + Ferredoxingg..s — Chle + Ferredoxingueea
Ferredoxin-NADP
N ductas .
9 Ferredoxin,.gu.q + H* + NADP* T 5 9 FerredoXingae - NADFH

Chl,. donates one ctectron to ferredoxin, but the electron transfer reactions of
FAD and NADP* involve two electrons. Thus, an electron from each of wo
ferredoxins is required for the production of NADPH.

The net reaction for the two photosystems together is the flow of electrons
from H,O to NADP* (see Figure 19.5).

2 H,0 + 2 NAPP* — O, + 2 NADPH + 2 H~

Cyclic Electron Transport in Photosystem |

In addition to the electron transfer reactions just described, it is possible for
cyclic electron transport in Photosystern 1 to be coupled to the production of
ATP (Figure 19.8), No NADPH is produced in this process. Photosystem IT is not
involved, and no O, is generated. Cyclic phosphorylation takes place when there
is a high NADPH /NADP” ratio in the cell: there is not enough NADP* present
in the cell to accept alt the electzons generated by the excitation of Chly,.
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Structure of a Photosystem

The molecular structure of photosystems is a subject of intense interest 1o bio-
chemists. The most extensively studied system is that from bacteria of the genus
Rhodopseudemonas. These bacteria do not produce molecular oxygen as a result
of their photosynthetic activities, but enough similarities exist between the pho-
tosynthetic reactions of Rhedopseudomonas and photosynthesis linked to oxygen
to lead scientists to draw conclusions about the nature of reaction centers in all
organisms. The detailed process that goes on at the reaction center of
Rhodopseudomonas is important enough to warrant further discussion.

Itis well established that there is a pair of bacteriochlorophyll molecules in
the reaction center of Rhodopseudomonas viridis; the critical pair of chlorophylis
is embedded in a protein compiex that is in turn an integral part of the pho-
tosynthetic membrane. (We shali refer to the bacteriochlorophylls simply as
chlorophylls in the interest of simplifying the discussion.) Accessory pigments,
which also play a role in the light-trapping process, have specific positions close
to the special pair of chlorophylls. The absorption of light by the special pair of
chlorophylls raises one of their electrons 10 a higher energy level (Figure
19.9a). This electron is passed to a series of accessory pigments (Figure 19.9b}.
The first of these accessory pigments is pheophytinz, which is structurally simi-
lar to chlorophyll, differing only by having wo hydrogens in place of the mag-
nesium, The electron is passed along to the phecphytin, raising it in wrn to an
excited energy level. (Note that the electron travels on only one of two possible
paths, to one pheophytin but not the other. Research is in progress to deter-
mine why this is s0.) The next electron acceptor is menaquinone (Q.,); it is
structurally similar to coenzyme (}, which plays a role in the mitochendrial
electron transport chain. The final electron acceptor, which is also raised to an
excited state, is coenzyme {) itself {ubiquinone, called Q) here). The electron
that had been passed to (3, is replaced by an electron donated by a cy-
techrome, which acquires a positive charge in the process (Figure 19.9¢c). The
cytechrome is not bound to the membrane and diffuses away, carrying its pos-
itive charge with it. The whole process takes place in less than 1072 second. The
positive and negative charges have traveled in opposite directions from the
chlorophyll pair and are separated from each other {Figure 19.9d). This situa-
tion is similar to the proton gradient in mitochondria, where the existence of
the proton gradient is ultimately responsible for oxidative phosphorylation.
The separation of charge is equivaient to 3 battery, a form of stored energy. The
reaction center has acted as a transducer, converting light energy to a form

Photosysiem [
Chly

Light
1 < 700 mn

Energy
T

25

FIGURE 19.8

Cyclic electron flow coupled to
photophosphorylation in
Photosystem 1. Note that water is
not split and that no NADPH is
produced. {Chl is chiorophyll; PC}is
plastequinone; PC is plasiocyanin.)
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Eguilibrate at -
0* Cfor ’
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Simultareousty
add ADP and
P, and raise prl

FIGURE 19.10

ATP is synthesized by chloroplasts in
the dark in the presence of a proton
gradient, ADF, and P,

FIGURE 19.11

The relationship benween
photophosphorylation and the
proton gradient in chloroplasts.
Phaotosynthetic electron transport
pumps H* out of the stroma to the
intrathylakeid space to form the
proton gradient (high pH in the
stroma, Jow pH in the intrathylakoid
space}. The flow of H* back to the
stroma through the ATP synthase
provides the energy for synthesis of
ATP fromn ADP and P,.

Photosynthesis

“19:3 > A Proton Gradient Drives the Production of ATP
in Photosynthesis

In Chapter 17, we saw that a proton gradient across the inner mitochondrial
membrane drives the phosphorylation of ADP in respiration. The mechanism
of photophosphorylation is essentially the same as that of the production of
ATP in the respiratory electron transport chain. In faci, some of the strongest
evidence for the chemiosmatic coupling of phosphorylation to electron trans-
pert has been obtained from experiments on chloroplasts rather than mito-
chondria. Chloroplasis can synthesize ATP from ADP and P, in the dark if they
are provided with a pH gradient.

If isolated chloroplasts are allowed to equilibrate in a pH 4 buffer for sev-
eral hours, their internal pH will be equal to 4. If the pH of the buffer is raised
rapidly to 8 and if ADP and P, are added simuitancously, ATP will be produced
(Figure 19.10). The production of ATP does not require the presence of light;
the proton gradient preduced by the pH difference supplies the driving force
for phosphorylation. This experiment provides solid evidence for the chemios-
motic coupling mechanism.

Several reactions contribute to the generation of a proton gradient in
chloroplasts in an actively photosynthesizing cetl. The oxidation of water re-
leases H* into the thylakoid space. Electron wransport from Phorosystem IT and
Photosystem 1 also helps create the proton gradient by involving plastoquinone
and cytochromes in the process. Then Photosystem I reduces NADP* by using
H* in the stroma to produce NADPH. As a result, the pH of the thylakoid space
is lower than that of the stroma (Figure 19.11). We saw a similar situation in
Chapter 17 when we discussed the pumping of protons from the mitochon-
drial matrix into the intermembrane space. The ATP synthase in chloroplasts
is similar to the mitochondrial enzyme; in particular, it consists of two parts, CF,
and CF,, where the C serves te distinguish them from their mitochondrial
counterparts, F; and F, respectively. Evidence exists that the components of
the electron chain in chloroplasts are arranged asymmetrically in the thylakoid
membrane, as is the case in mitochondria. An impertant consequence of this
asymmetrical arrangement is the release of the ATP and NADPH produced by
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FIGURE 19.12

The components of the electron transport chain of the thylakoid membrane. This
schematic representation shows Photosyszem II (PSIT), the cytochrome &;f complex ,
and Photosystem 1 (PSI), along with the soluble electron carriers plastoguinene (PQ)
and plastocyanin {PC). The acton of the electron wansport chain sets up a proton
gradient across the thylakoid membrane, coupled to synthesis of ATP by the CF,-CF,
ATP synthase. {After D. R. Ort and N. E. Good, I1958. Trends Biochem. 8ci. 13, 469.)

the light reaction inio the stroma, where they provide energy ard reducing
power for the dark reaction of photosynthesis.

In mitochondrial electron transport, there are four respiratory complexes
connected by soluble electron carriers. The clectren transport apparatus of the
thylakoid membrane is similar in that it consists of several large membrane-
bound complexes. They are PSII (the Photosystem II complex), the cy-
tochrome &-fcomplex, and P8I (the Photosystemn I complex). As in mitochon-
drial electron transport, several soluble electron carriers form the connection
between the protein complexes, In the thylakoid membrane, the soluble carri-
ers are plastoquinone and plastecyanin, which have a role similar to that of
coenzyme () and cytechrome ¢ in mitochondria (Figure 19.12}. The proton
gradient created by electron transport drives the synthesis of ATP in chioro-
plasts, as in mitochondria.

A Comparison of Photosynthesis with and
:Without Oxygen: Evolutionary Implications

Photosynthetic prokaryotes other than cyanobacteria have only one photosys-
tem and do not produce oxygen. The chlorephyll in these organisms is differ-
ent from that found in photosystems linked to oxygen {Figure 19.13). Anaero-
bic photosynthesis is not as efficient as photosynthesis linked to oxygen, but the
anaerobic version of the process appears to be an evoluticnary way station.
Anaerobic photosynthesis is a means for organisms (o use solar energy to satisfy
their needs for food and energy. Although it is efficient in the preduction of
ATP, its efficiency is less than that of aerobic photosynthesis for carbon fixatdon.
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FIGURE 19.13

The two possible electron transfer
pathways in a photosynthetic
anaerobe, Both cyclic and noncyclic
forms of photophosphaorylation are
shown. HX is any compound (such
as H,8) that can be a hydrogen
donor. (From L. Marguhs, 1985, Early
Life, Science Books International,
Bosien, p. 43.)

Photosynthesis

A possible scenario for the development of photosynthesis starts with het-
erotrophic bacteria that contain some form of chlorophyli, probably bacteri-
ochlorophyil {Aeterstropiis are organisms that depend on their environment for
organic nutrients and for energy). In such organisms, the light energy absorbed
by chlorophyll can be trapped in the forms of ATP and NADPH. The important
point about such a series of reactions is that photophosphorylation takes place,
ensuring an independent supply of ATP for the organism. In addition, the sup-
ply of NADPH facilitates synthiesis of biomolecules from simple sources such as
CO.. Under conditions of limited food supply, organisms that can synthesize
their own nutrients have a selective advantage. Organisms of this sort are gu-
fotraphs (not dependent on an externai source of biomolecules) but are also
anaerobes. The ultimate electron source that they use is not water but some
more easily oxidized substance, such as S, as is the case with present-day green
suifur bacteria (and purple sulfur bacteria), or various organic compounds, as is
the case with present-day purple nonsulfur bacteria. These organisms do not
possess an oxidizing agent powerful enough 1o split water, which is a far more
abundant electron source than H,8 or organic compounds. The ability 1o use
water as an electron scurce confers a further evolutionary advantage.

As 15 frequently the case in biological oxidation-reduction reactions, hy-
drogens as well as electrons are transferred from a donor to an acceptor. In
green plants, green algae, and cyanobacteria, the hydrogen donor and accep-
tor are HyQ and CO,, respectively, with oxygen as a product. Other organisms
such as bacteria and fungi carry out photosynthesis in which there is a hydro-
gen donor other than water, Some possible donors include HS, HyS:0,, and
succinic acid. As an example, if H,S is the source of hydrogens and electrons, a
schematic equation for photosynthesis can be written with sulfur, rather than
oxygen, as a product.

CO, + 2H.S— (CH.O) + 25+ H,0

H-acceptor H-donor Carbohydrate

It is also possible for the hydrogen acceptor to be NO;* or NOy™, in which case
NHj is a product. Photosynthesis linked to oxygen with carbon dioxide as the
ultimate hydrogen acceptor is a special case of a far more general process,
widely distributed among many different organisms.

Cyclic Nancyclic
photophosphorylation phoetophoesphorylation

ADP + (B

Excited
electrons

Reactien
center
HX
Hydrogen
denor

19.5  The Dark Reactions of Photosynithesis: Path of Carben

Cyanobacteria were apparently the first organisms that developed the abil-
ity to use water as the ultimate reducing agent in phetosynthesis. As we have
seen, this feat required the development of a second photosystem as well as a
new variety of chlorophyll, chlorophyll @ rather than bacteriocklerophyll in this
case. Chlorophyll 5 had not yet appeared on the scene, since it occurs only in eu-
karyotes. The basic system of aerobic photosynthesis was in place with cyanobac-
teria. As a result of acrebic photosynthesis by cyanobacteria, the earth acquired
its present atmosphere with its high levels of oxygen. The existence of all other
aerobic organisms depended ultimately on the activities of cyanobacteria.

d.m.m...;n._u.mwrmmmnzc:mcmﬁroﬁcm<=ﬂ:mmmm”
£ Path of Carbon

The actual storage form of the carbohydrates produced from carbon dioxide
by photosynthesis is net glucose but disaccharides (e.g., sucrose in sugarcane
and sugar beets) and polysaccharides (starch and cellulose). However, it is cus-
tomary and convenient to write the carbohydrate product as glucose, and we
shali fotlow this time-honored practice.

Carbon dioxide fixation takes place in the stroma. The equation for the
overall reaction, like all equations for photosynthetic processes, is deceptively
simple.

Enzymes

6 CO, + 12 NADPH + 18 ATP —— CH,,O, + 12 NADP* + 13 ADP + 18 P,

The actual reaction pathway has some features in common with glycolysis and
some in commen with the pentose phosphate pathway.

The net reaction of six molecules of carbon dioxide to produce one mole-
cule of glucose requires the carboxylation of six molecules of a five-carbon
key intermediate, ribulose-1,5-bisphosphate, to form six molecules of an unsta-
ble six~carbon intermediate, which then splits to give 12 molecules of 3-
phosphoglycerate. Of these, two molecules of 3-phosphoglycerate react in turn,
uliimately producing glucose. The remaining ten molecules of 3-phosphoglyc-
erate are used to regenerate the six molecules of ribulose-1,5-bisphosphate. The
averall reaction pathway is cyelic and is called the Calvin cycle (Figure 19.14)
after the scientist who first investigated it, Melvin Calvin, winner of the 1951
Nobel Prize in chemistry.

i2 3-phospho-

6 CO2 s\ glycerate
7

6 Ribulose-],5-fsphosphat

12 NADPH

12 Glyceraldehiyde-
3-phosphate

2 go this way

Glucase

FIGURE 79.14

The main features of the Calvin
cycle. Giucose is produced, and
ribulose-1,5-ksphosphate is
regencrated.
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FIGURE 158.16
The subunit structure of ribulose-
1.5-lisphosphate carboxylase.

Essential Information

Regulatory

In the dark reactions of photosyn-
thesis, the fixadon of carbon
dioxide 1akes place when the key
intermediate ribulose-1,5-disphos-
phate reacts with carbon dioxide
to produce two molecules of 3-
phosphoglycerate. This reaction
is catalyzed by the enzyme ribu-
lose-1,5-bisphosphate carboxylase
{Rubisco); one of the most abun-

dant profeins-in naturg. The ré-

mainder ‘of the dark Tede
the: £
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FIGURE 19.15
The reaction of ribulose-1,5-bisphosphate with CO; ultimately produces two molecules
of 3-phospheglycerate.

The first reaction of the Calvin cycle is the condensation of ribulose-1,5-
bisphosphate with carbon dioxide to form a six~carben intermediate, 2-carboxy-
3-ketoribitol-1,5-bisphosphate, which quickly hydrolyzes to give two molecules
of 3-phosphoglycerate (Figure 19.15). The reaction is catalyzed by the enzyme
ribulose-1, 5-bisphosphate carboxylase (Rubisco). This enzyme is located on the stro-
mal side of the thylakoid membrane and is probably one of the most abundant
proteins in nature, since it accounts for about 15 percent of the total protein in
chloroplasts. The molecular weight of ribulose-1,5-disphosphate carboxylase is
about 560,000, and it consists of eight large subunits (molecular weight,
55,000) and eight small subunits (molecular weight, 15,000) (Figure 19.16).
The sequence of the large subunit is encoded by a chloraplast gene, and that
of the small subunit is encoded by a nuclear gene. The endosymbiotic theory
for the development of eukaryotes ( Section 1.7) is consistent with the idea of
independent genetic material in organelles. The farge subunit (chloroplast
gene) is catalytic, whereas the smali subunit (huclear gene) plays a regulatory
role, an observation that is consistent with an endosymbiotic origin for or-
ganelles such as chloroplasts.

The incorporation of CO, into 3-phosphoglycerate represents the actual
fixation process; the remaining reactions are those of carbohydrates. The
next two reactions lead to the reduction of 3-phosphoglycerate to form glyc-
eraldehyde-3-phosphate. The reduction: takes place in the same fashion as in
gheconeogenesis, except for ane unique feature (Figurc 19.17a): the reac-
tions in chloroplasts require NADPH rather than NADH for the reduction of
1,3-bisphosphoglycerate to glyceraldehyde-3-phosphate. When glyceraldehyde-
3-phosphate is formed, it can have two alternative fates: one is the produc-
tion of six-carbon sugars, and the other is the regeneration of ribulose 1,5-
bisphosphate.

Production of Six-Carbon Sugars

The formation of giucose from glyceraldehyde-3-phosphate takes place in the
same manner as in glucorieogenesis (Figure 19.17b). The conversion of glyc-
eraldehyde-3-phosphate to dihydroxyacetone phosphate takes place easily (Sec-
tion 14.2). Dihydroxyacetone phosphate in turn reacts with glyceraldehyde-3-
phosphate, in a series of reactions we have already seen, to give rise to
fructose-6-phosphate and ultimately to glucose. Because we have already seen
these reactions, we shall not discuss them again.
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) POY

C NADPH

_ ATP
|
:In_“Fo: \KP%I H—C—O0H
i
HyC—0-—POT H,C—0~FO}"
ADP

3-Phosphoglycerate 1,3-bisphosphoglycerate

“‘
H,0

Glucose-6-phosphate

(b}

Fructose-o-phosphate

B
H,0

Fructose-1,6-bisphosphate

Glyceratdehyde-8-phosphate Z——= Dihydroxyacetone phosphate

2 NADP” + P,

2 NADPH
2 1,3-fisphosphoglycerate

2 ADP

2ATP
2 3-Phosphoglycerate
FIGURE 19.17
(a) Reduction of 3-phosphoglycerate to glyceraldehyde-3-phosphate. (b) The
production of glucose from 3-phosphoglycerate in the Calvin cycle. Note the use of
NADPH and ATP generated in the light reaction 1o provide energy for the dark
reaction.

Regeneration of Ribulose-1,5-Bisphosphate

This process is readily divided into four steps: prepararion, reshuffling, isomenza-
tion, and phosfrhorylation. The preparation begins with conversion of some of the
glyceraldehyde-3-phosphate to dihydroxyacetone phosphate (catalyzed by
trinsephosphate isomerase). This reaction also functions in the production of
six-carbon sugars. Portions of both the glyceraldehyde-3-phosphate and the di-
hydroxyacetone phosphate are then condensed to form fructose-1,6-bis-
phosphate (catalyzed by aldolase). Fructose-1,6-bisphosphate is hydrolyzed to
fructose-G-phosphate (catalyzed by fructose-1,6-bisphosphatase). With a supply
of glyceraldehyde-3-phasphate, dibydroxyacetone phosphate, and fructose-6-
phosphate now available, the reshuffling can begin.

NADP®

=

E'ﬂ|0i

H,C—0—pPOL

2

Glyceraldebyde-
3-phosphate
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FIGURE 19,20

The complete Calvin cycle, showing the regeneration of ribulose-1,5-bisphosphate.
Note that when glyceraldehyde-3-phosphate is formed, it (or dihydroxyacetone
phosphate, to which it is easily converted) can have all four possible fates. The
possible pathways are numbered. (See Figure 19.19 for the balanced equation.)

In the final step, ribulose-1,5-bisphosphate is regenerated by the phosphor-
ylation of rihulosef-phosphate (Figure 19.18b). This reaction requires ATP
and is catalyzed by the enzyme phosphoribulohinase. The reactions leading to the
regeneration of ribulose-1,5-fisphosphate are summarized in Figure 19.19, in
which a nei equation is obtained by adding all the reactions. Now we are in a
position to examine the stoichiometry of the dark reaction of photosynthesis.

Stoichiometry of the Calvin Cycle

Tt will be convenient to refer to Figures 19.14 and 19.20 during our discussion.
We shalt follow what happens to six molecules of CO, in the course of one turn
of the Calvin cycle.

For each CO, that reacts with one molecule of ribulose-1,5-bisphosphate,
two molecules of 3-phosphoglycerate are produced. Conversion of each mole-

196  An Alternative Pathway for Carbon Dioxide Fixation

cule of 3-phosphoglycerate to glyceraldehyde-3phosphate requires 1 ATP and
1 NADPH. For six mofecules of COy, we can write the equation

6 CO, + 6 ribulose-1,5-bisphosphate + 12 ATP + 12 NADPH + 12 H* + 12 H,G
(6 carbons} {30 carbans}
O — 12 glyceraldehyde-3-phosphate + 12 ADP -+ 12 P, + 12 NADP*

{36 carbons}

The important point here is the requirement for 12 ATP and 12 NADPH for
each molecule of ghucose. Ten of the 12 glyceraldehyde-3-phesphate {C;) mol-
ecules are regenerated to ribulose-1,5-bisphosphate (Figure 19.20), accounting
for 30 of the 36 carbon atoms in 12 melecules of glyceraldehyde-3-phosphate.
The remaining six carbon atoms (two glyceraldehyde-3-phosphates) are con-
verted to glucose. The regeneration of ribulose-1,5-kisphosphate also requires
six ATP in the process of the net conversion of six CO, to one molecule of glu-
cose. See Figure 19.19 to see how this figure of six ATP is obtained; in one wrn
of the Calvin cycle, the overall process shown in this figure occurs twice.

Taking these points into consideration, we arsive at the net equation for the
path of carbon in photosynthesis.

6 CO, + 18 ATP + 12 NADPH + 12 H* + 12 H,O —
Glucose + 12 NADP* + 18 ADP + 18 P;

The efficiency of energy use in photosynthesis can be calculated fairly easily.
The AG™ for the reduction of CO, te glucose is +478 k] (+114 keal) for each
mole of CO; (see Exercise 25), and the energy of light of 600-nm wavelength is
1593 k] mol~! (381 kcal) mol™?, We shall not explain in detail here how this fig-
ure for the energy of the light is obtained, but it comes ultimately from the
equation E = hv. Light of wavelength 680 or 700 nm has lower energy than
light at 600 nm. Thus, the efficiency of photosynthesis is at least (477/1593) X
100, or 30%.

" An Alternative Pathway for Carbon
Dioxide Fixation

In tropical plants there is a G, pathway (Figure 19.21), so named becausc it in-
volves four-carbon compounds. The operation of this pathway (also called the
Hatch-Skack pathway) ultimately Jeads to the G, (based on 3-phosphoglycerate)
pathway of the Calvin cycle. {There are other C, pathways, but this one is most
widely studied. Corn [maize] is an important example of a C, plant, and it is
certainly not confined to the tropics.)

‘When COy enters the leaf through pores in the outer cells, it reacts first
with phosphoenolpyruvate to produce oxalcacetate and P, in the mesophyll
celis of the leaf. Oxaloaceiate is reduced to malate, with the concomitant oxi-
dation of NADPH. Malate is then transported to the bundle-sheath cells (the
next layer) through channels that connect the swo kinds of cells.

In the bundle-sheath cells, malate is decarboxylated to give pyruvate and
CO,. In the process, NADP* is reduced to NADPH (Figure 19.22), The CO, re-
acts with ribulose-1,5-bisphosphate to enter the Calvin cycle. Pyruvate is trans-
ported back to the mesophyll cclls, where it is phosphorylated to phospho-
enolpyruvate, which can react with CO, to start another round of the G,
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Chaptes 3 Stoichiometry: Calculations with Chemical Formulas and Equations

SAMPLE EXERCISE 3.11

Calculate the mass, in grams, of 0.433 mol of calcium nitrate.

Solution

Analyze: We are given the number of moles of calcium nitrate and asked to calculate
the mass of the sample in grams.

Ptan: In order to convert moles to grams, we need the molar mass, which we can cal-
culate using the chemical formuta and atomic weights.

Solve: Because the calcium ion is Ca®! and the nitrate ion is NG, ™, calcium nitrate is
Ca(NO3),. Adding the atomic weights of the elements in the compound gives a for-
mula weight of 164.1 amu. Using 1 mo! Ca(NO3); = 164.1 g Ca(NOj3), to write tha
appropriate conversion factor, we have

164.1 g Ca(NO;)
Grams Ca(NO5), = 0.433 E%mﬂimm@mwsi%m?mv = 71.1 g Ca[NO3);

Check: The number of moles is less than 1, so the number of grams must be less than the
molar mass, 164.1 g, Using rounded numbers to estimate, we have 0.5 X 150 = 75 g.
Thus, the magnitude of our answer is reasonable. Both the units {g) and the number
of significant figures (3} are correct.

PRACTICE EXERCISE o
What is the mass, in grams, of (2} 6.33 mol of NaHCQj; and (b) 3.0 X 1075 mol of sul-
furic acid?

Answers: (2)532g; ()29 X W g

The mole concept provides the bridge between masses and numbers of par-
ticles. To illustrate how we can interconvert masses and numbers of particles,
let’s calculate the number of capper atoms in an old copper penny. Such a penny
weighs about 3 g, and we’ll assume that it is 100% copper:

H .Eowmnxmbm x:ﬁ@ &oamv
63.5 g€0 1 ot T

3 % 10°% Cu atoms

Cuatoms = (3 Wmﬂﬁ

il

Notice how dimensional analysis (Section 1.6) provides a straightforward
route from grams to numbers of atoms. The molar mass and Avogadro’s num-
ber are used as conversion factors to convert grams — maoles — atoms.
Notice also that our answer is a very large number. Any time you calculate the
number of atoms, molecules, or fons in an ordinary sample of matter, you can
expect the answer to be very large. In contrast, the number of moles in a sample
will usually be much smaller, often less than 1. The general procedure for inter-
converting mass and number of formula units (atoms, molecules, ions, or what-
ever is represented by the chemical formula) of a substance is summarized in
Figure3.10 ¥,

) Use T k4
A.Huu Avogadro’s n.r.nW Formula units
¥ number :

A Figure 3,10 Outline of the procedure used tc interconvert the mass of 2 substance in
grams and the number of formula units of that substance. The number of maoles of the
substance is central 1o the calculation; thus, the mole concept can be thought of as the
bridge between the mass of a substance and the number of formula units.

- SAMPLE EXERCISE 3.12
"How many glucose molecules are in 5.23 g of CgH 0,7

Solution

Analyze: We are given the number of grams of glucose and its chemical formula and
asked to calculate the number of glucose molecules.

Plan: The strategy for determining the number of molecules in a given quantity of a
substance is summarized in Figure 3.10. We must convert 5.23 g CgH;20g to moles
CgHy504, which can then be converted to molecules CgH ,04. The first conversion
uses the molar mass of CgH 20 1 mol CgH 304 = 180.0 g CgH 0. The second con-
version uses Avogadro’s number.

Solve:

Molecules CgH 1,04

I

1 met 05 VAm‘Su x 107 molecules nmmzomv

5.3
52 g &Hin0%) Awmo.a.mhm:m@m T mol CiHp 0y

1.75 x 102 molecules CgH ;04

heck: The magnitude of the answer is reasonable. Because the mass we began with
s less than a mole, there should be less than 6.02 %_10% molecules. We can make a
allpark estimate of the answer: 5/200 = 25 X 1072 mol; 25 X 102 % 6 % 10° =
5 % 10% = 1.5 x 10% molecules. The units (molecules) and significant figures (3) are
ppropriate.

omment: If you were also asked for the number of atoms of a particular element, an
dditional factor would be needed to convert the number of molecules to the number
f atoms. For example, there are six O atoms in a molecule of CgF ;0. Thus, the num-
ber of O atoms in the sample is

6 atoms O v

Atoms O = (1.75 % 102 .Emﬁmcwﬁﬁyvmyﬂ%

1.05 X 10% atoms O

PRACTICE EXERCISE

[{a) How many nitric acid molecuies are in 4.20 g of HNQ5? (b} How many O atoms
“are in this sample?
Anstwers: (ay4.01 % 107 molecules HNOs; (b) 1.20 % 162 atoms O

3.5 Empirical Formulas from Analyses

The empirical formula for a substance tells us the relative number of atoms of
each element it contains. Thus, the formula H,0 indicates that water contains two
H atoms for each O atom. This ratio also applies on the molar level; thus, 1 mol
- of H,0 contains 2 mol of H atoms and 1 mol of O atoms. Conversely, the ratio
f the number of moles of each element in a compound gives the subscripts ina
tompound’s empirical formula. Thus, the mole concept provides a way of cal-
culating the empirical formulas of chemical substances, as shown in the follow-
ing examples.
: Mercury forms a compound with chlorine that is 73.9% mercury and 26.1%
chlorine by mass. This means that if we had a 100.0-g sample of the solid, it
would contain 73.9 g of mercury (Hg} and 26.1 g of chlorine (Cl). (Any size sam-
‘Ple can be used in probiems of this type, but we will generally use 100.0 g to
simplify the calculation of mass from percentage.) Using the atomic weights of
the elements to give us molar masses, we then calculate the numker of moles of
each element in the sample:

8

{Ch
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An casy way to remember the
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SAMPLE EXERCISE 3.13

Solution

in Figare 3.11.

Solve: We first assume, for simplicity,
that we have exactly 100 g of material
(although any number can be used). In
100 g of ascorbic acid, we will have

Second, we calculate the number of
moles of each element in this sample:

Third, we determine the simplest
whole-number ratio of moles by divid-
ing each number of moles by the
smallest number of moles, 3.406:

Fhe ratio for H is too far from 1 to
attribute the difference to experimental
error; in fact, it is quite close to 13. This
suggests that if we multiply the ratio
by 3, we will obtain whole numbers:

The whole-number mole ratio gives us
the subscripts for the empirical foz-
mula. Thus, the empirical formuta is

reasonableness of our answer.

PRACTICE EXERCISE

Answer: C4H,0

m L mol Hg v = 0.368 mol H
(739 gHyr) 006 = 0.368 mol Hg

Lmol Cl v = 0.735mol C1

355 g€

We then divide the larger number of moles (0,735} by the smaller (0.368) to obtain
a Cl:Hg mole ratio of 1.99:1:

(26.1 Wmcﬁ

molesof Cl ~ 0.735melCi _ 1.99moiCl
molesof Hg 0368 molHg  1molHg

Because of experimental errors, the results may not lead to exact integers for the
ratios of moles. The number 1.99 is very close to 2, so we can confidently conclude
that the empirical formula for the compound is HgCl,. This is the simplest, or
empirical, formula because its subscripts are the smallest integers that express the
ratios of atoms present in the compound. *++ - {Section 2.6) The general proce-
dure for determining empirical formulas is outlined in Figure 3.11 p-.

Ascorbic acid {vitamin C) contains 40.92% C, 4.58% H, and 54.50% O by mass. What is the empirical formula of ascorbic acid?

Analyze: We are given the mass percentages of the elements in ascorbic acid and asked for its empirical formula. ]
Pian: The strategy for determining the empirical formula of a substance from its elemental compositien involves the four steps given

40.92¢ C,4.58 p H, and 54.50 g O.

1mol C
= — | =3 C
Moles C = (40.92 WNJA 701 w\Wv 3.407 mol
1mot H
= . =) = 454 mol H
Moles H = (4.58 .W.H.JAHO% E.v mol
1mol &
= —— ] = 3. e}
Moles O = (54.50 m\mdm oo v 3.406 mol
3.407 4.54 3.406
LI e (e I =2 = 1.000
C: 3408 1.000 H: 3406 1.33 O 2.206 1

C:H:O = 3(1:1.33:1) = 3:4:3

CaHO;3

Check: It is reassuring that the subscripts are moderately sized whole numbers. Otherwise, we have little by which to judge the

A5.325-g sample of methyl benzoate, a compound used in the manufacture of perfumes, is found to contain 3.758 g of carbon, 0316 g
of hydrogen, and 1.251 g of oxygen. What is the empirical formuia of this substance?

Given:

Mass %

elements

>wmm_5m Calculate
mm:.ﬁm_m mole ratio

i ?
Grams of Mﬂv Cmm. ﬂHWu Moles of
each element” [™" atomic “4  oach element
weights P TTT,

Molecular Formula from Empirical Formula

‘The formula obtained from percenfage compositions is always the empirical for-
mula. We can obtain the molecular formula from the empirical formula if we know
the molecular weight of the compound. The subscripis in the moleeular formula of 2
substance are always a whole-mumber multiple of the corresponding subscripls in its empir-
Jeal formida, » - (Section 2.6) The multiple is found by comparing the empirical for-
muzla weight with the molecular weight. In Sample Exercise 3.13, for example, the
' empirical formula of ascorbic acid was determined to be C3H,403, giving an empir-
ical formula weight of 3(12.0 amu) + 4(1.0 amu) + 3(16.0 amu} = 88.0 amu. The
experimentally determined molecular weight is 176 amu. Thus, the molecule has
“‘twice the mass (176/88.0 = 2.00) and must therefore have twice as many atoms of
each kind as are given in the empirical formula. Consequently, the subscripts in the
empirical formula rmust be muttiplied by 2 to obtain the moelecular formula: CgHgOy.

'SAMPLE EXERCISE 3.14

Mesitylene, a hydrocarbon that eccurs in small amounts in crude oil, has an empiri-
.1 cal formula of C3H,. The experimentally determined molecular weight of this sub-
 j, stance is 121 amu. What is the molecular formula of mesitylene?

Solution
Analyze: We are given the empirica formula and molecular weight of mesitylene and
asked to determine its molecular formula,
Plan: The subscripts in a molecutar formula are whele-number multiples of the sub-
scripts in its empirical formula. To find the appropriate multiple, we must cornpare the
molecular weight with the formula weight of the empirical formula.
Solve: First, we calculate the formula weight of the empirical formula, CiHy:

3{12.0amu) + 4(1.0 amu} = 40.0 amu

Next, we divide the molecular weight by the empirical formuta weight to obtain the
factor used to muitiply the subscripts in C3H,:

molecular weight 121

empirical formula weight 400

= 3.02

Only whole-number ratios make physical sense because we must be dealing with
whole atoms. The 3.02 in this case results from a small experimental error in the molec-
ular weight. We therefore multiply each subscript in the empirical formula by 3 to give
the molecular formula: CoH .

Check: We can have confidence in the result because dividing the melecular weight by
the formula weight yields nearly a whole number.

PRACTICE EXERCISE

Ethylene glycol, the substance used in automobile antifreeze, is composed of 38.7%
C,9.7% H, and 51.6% O by mass. Its molar mass is 62.1 g/mol. {a) What is the empir-
ical formula of ethylene glycol? (b) What is its molecular formula?

Answers: {a) CH10; (b) CH 0,
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4 Figure 3.11  Outiine of the
procedure used to calculate the empirical
formula of a substance from its
percentage compasition. The procedure
is also summarized as “percent to mass,
mass to mole, divide by small, n@liply
"til whole.” ™

ACTIVITY
Motecular Formula Determination:
CgHgO

of color change
associzied with the dehydration of
pper sulfate. tee R Surnrmerlin
Christie L. Borgiord, and julie B, Ealy,
“Copper Sultate: Blue to White,”
Chemical Demanstrations, A
Sourcehook for Teackers, Val, 2
{Amnerican Chemical Society,
Washingion, DC, 1988) pp. 69-70.
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P Figure 3.12 Apparatus to
determine percentages of carbon and
hydrager: in a compound. Capper oxide
helps to cxidize traces of carbon and
carbon moncxide to carbon dioxide and
to oxidize hydrogen to water.

o)

[ Combustion analysis werks only if
~-4  complete combustion occurs:

Fuel + Gy~ CO; + H;O

MOVIE
Reduction of CuQ

The combustion of methane,
propane, and butane are compared
in this simple demonstration of
stoichiometry. M. Dale Afexander
and Wayne C. Wolsey, "Combustion
of Mydrocarbons: A Stoichiometry
Demonstration,” [ Chem. Educ., Vol.
70,1993, 327-328.

I the compound contains only C, H,
and O, the mass of the oxygen is the
dilference between the Llotal mass
and the masses of C and H.

-

Furnace

Combustion Analysis

The empirical formula of a compound is based on experiments that give the
number of moles of each element in a sample of the compound. That is why we
use the word “empirical,” which means “based on observation and experiment.”
Chemists have devised a number of different experimental techniques to deter-
mine the empirical formulas of compounds. One of these is combustion analy-
sis, which is commonly used for compounds containing principally carbon and
hydrogen as their component elements.

When a compound containing carbon and hydrogen is completely com-
busted in an apparatus such as that shown in Figure 3.12 A, all the carbon in the
compound is converted to CO,, and all the hydrogen is converted to HzO.
o+ {Section 3.2) The amounts of CO; and H,0O produced are determined by
measuring the mass increase in the CO; and H;0 absorbers. From the masses of
€Oy and HzO we can calculate the number of moles of C and H in the originat
compound and thereby the empirical fermula. If a third element is present in
the compound, its mass can be determined by subtracting the masses of C and
H from the compound’s original mass. Sample Exercise 3.15 shows how to deter-
mine the empirical formula of a compound containing C, H, and Q.

SAMPLE EXERCISE 3.15

Isopropyl aleohol, a substance seld as rubbing alcokol, is composed of C, H, and O.
Combustion of 0.255 g of isopropyl alcohol produces 0.561 g CO, and 0.306 g H,O.
Determine the empirical formula of iscpropyl alcchol.

Solution

Analyze: We are given the quantities of CO, and H;O produced when a given quan-
tity of isopropyl alcohal is combusted. We must use this informiation to determine the
empirical formula for the isopropyl aicohol, a task that requires us to calculate the
number of moles of C, H, and O in the sample.

Plan: We can use the mole concept to calculate the number of grams of C present in the
CO; and the number of grams of H present in the H,0. These are the quantities of C
and H present in the isopropy! alcohol before combustion. The number of grams of O
in the compound equals the mass of the isopropyl alcohel minus the sum of the C and
H masses. Once we have the number of grams of C, H, and O in the sample, we can
then proceed as in Sample Exercise 3.13: Calculate the number of moles of each element,
and determine the mole ratio, which gives the subscripts in the empirical formula.
Solve: To calculate the number of grams of C, we first use the motar mass of CO;,
1 mol CO; = 44.05 COy, to convert grams of COy to moles of CQy. Because there is
only 1 C atom in each CO; molecule, there is 1 mol of C atoms per mole of CO; mel-
ecules. This fact allows us to convert the moles of CO; to moles of C. Finally, we use
the molar mass of C, 1 mol C = 12.0g C, to convert moles of C to grams of C. Com-
bining the three conversion factors, we have

1.mebCO7 1 moltC 12.0 4 C
= (0.561 £CO
Grams € = (056 tmi.c Wmmmvp.acwm@mvmw ot

v =0153gC
The calculation of the number of grams of H from the grams of H,O is similar, although
we must remember that there are 2 mol of H atoms per 1 mol of H,O molecules:

H.nﬂwm*mo.um 2 matH VAH.OHNE
18.0 g H5F /\ 1 roHHO /\ 1 ot

GramsH = B.uem%vﬁ v = (.0343 g H

The total mass of the sample, 0.255 g, is the sum of the masses of the C, H, and O.
s, we can calculate the mass of (3 as follows:

Mass of O = mass of sample ~ (massof C + mass of FI)
= Q255 — (0153 g + 0.0343g) = 00685 C
then calculate the nurmber of moles of C, H, and O in the sample:

1mol C
120g€

1 mol H
0. 2meld Ay,
Aouamwmvpbﬂmmu 0.0340 mol H
1mol O

16.0 g&F

E

Moles C = (0.153 WA.UA v = 0.0128 mol C

Moles H

Moles O = (0.068 ‘WQVA v = 0.0043 mol O

o find the empirical formula, we must compare the relative number of moles of each
ent in the sample. The relative number of moles of each element is found by divid-
‘each number by the smatllest number, 0.0043. The mole ratio of C: H: O so obtained
,98:7.91:1.00. The first two numbers are very close to the whole numbers 3 and 8,
ing the empirical formula C3HgO.

RACTICE EXERCISE

Caproic actd, which is responsible for the foul odor of dirty socks, is composed of
H, and O atoms. Combustion of a 0.225-g sample of this compound produces 0.512 g
04 and 0.209 g H,0. What is the empirical formula of caproic acid? (b} Capreic acid
fas a molar mass of 116 g/mal. What is its molecular formula?

nswers: (a) CaHgO; by CoH1,0,

3.6 Quantitative Information
from Balanced Equations

The moie concept allows us to use the quantitative information available in a
baianced equation on a practical macroscopic level. Consider the following bal-
anced equation:

2Ha(g) + Oalg) — 2H00) (311

d._m coefficients tell us that two molecules of Ha react with each melecule of O,
form two molecules of HO. It follows that the relative nurmbers of moies are
identical to the relative numbers of melecules:

2H,(g) + 0,ig) — 2H,0(1)
2 molecules 1 molecule 2 molecules
2(6.02 X 10 molecules) 602 % 10° molecules 2{6.02 % 107 molecules)
2mol 1 mol 2 mol

The coefficients in a balarnced chemical equation can be interpreted both as the relative
mibers of molecules (or fornneda wnits) involved in the reaction and gs the relative num-
ers of moles.

The quantities 2 mot Hy, 1 mol Oy, and 2 mol H;O, which are given by the
efficients in Equation 3.11, are called stoichiometrically equivalent guantities. The
Ielationship between these quantities can be represented as

2molH; = Tmol Oy = 2 mol H;O

Where the symbol = means “stoichiometrically equivalent t0.” In other words,
quation 3.11 shows 2 mol of H, and 1 mol of O, forming 2 mol of H,0. These
toichiometric relations can be used to convert between guantities of reactants
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4p)

Dus to experimental or round-cff
errors, the coefficients may come out
close Lo whole numbers (see text).
You shoutd then round them off to
that whole number. However, if the
coefficients come out close to
comman fractions (eg., j, ! w )

the formuia should be mu

by the least common denominator
(4, 3, 2, respectively) and not
rounded.
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igse data indicate that changing either INH.™ or [NO,~

J.nmnm. If we nwocEm [NH,*] Srm:m holding _WHOWNJ_ Wo:mwmw.mmwmmm”mﬁmmﬂwwﬂ
{doipare experiments 1 and 2). If [NH, "] is increzsed by a factor of 4 (compare
xperiments 1and 3}, the rate changes by a factor of 4, and so forth. These aou_wu::m
dicate Em.a the rate is proportional to [NH, ] raised to the first power, When
("] is similarly varied while {NH ;"] is held constant, the rate is affected in
g same manner. We conclude that the rate is also directly proportional to the
b»._.muon of NO, ™. We can express the overall concentration dependerice as

b A Closer Look- . Using Spectroscopic Methods to Measure Reaction Rates
Acvariety of techniques canbe used to monitor the concentration. - sample by comparing the intensity of m._.n light emitted fromi
of & reactant or product daring a reaction: Spectroscopic metts  light source with the intensity of the light that emerges fr
ads, which rely. on of the ability of substances to absorb (or emit) the sample! As the concentration of I increases and its
electromagnetic fadiation. aTé some of the most iiseful. Spectro- . becomes more intense, the amount of light absorbed by the
scopic kinetic studies are ofter #formed: with: the reaction - - tion mixture increases, catsing less light to redch the detecto
Y hparmment of the spectrometer. Thespee- -~ Beer's Jaw refates the amount of light being absorked i
lig X wa the substance absorbing the light:

A abe

ixfure in the sample compartment of neter: T :
trometer is set to measure the light absorbed at a wavelengthchar- -~ the concentration of

actetistic of one of the réactants of products, Inthe decomposition .
of Hl(g} into Ha(g) and 1(g), for example, ot Flland Hyarecol-. - © = o o0 o SRR
orless, whereas I is violet: Diring the course of the reaction; the ..In this equation 4 is the measured absorbance; & Is the
nomoﬂ,mnnﬂmmmmﬁﬁﬁw.m ty.as bz forms. ‘Thuis, visible light of appro-- . absorptivity constant {a characteristic of the substan

priate wavelengthi can be lised 16 fonitor the Teacton 1o s nmonitored), bis the pathlength ".rm.ocmr which the rad:

- Figure 143 ¥ shows the basic Companents of a spectrometer;, . pass, and ¢ s the molar concentration f the absorbing s
spectrometer hi i1i1% of light absorbed by the ;2. Thus, the oncentration is directly p oportional to absor

Rate = kINH,*I[NO,7] [14.6)

n mmﬂmmw: such as Equation 14,6, which shows how the rate depends an
centrations of reactants, is called a rate law. For a general reaction
2

ad + BB —— ¢C + dD

aw generally has the form

Rate = K[A]™{B]" [14.7]

E.E. k in the rate law is called the rate constant. The magnitude of k

:&. wmn.%m.nmw:nm.mza therefore determines how temperature affects

Mﬁ: Ammm E:mm%:o: 14.5. The exponents m and # are typically small
ers (usually 0, 1, or 2}. We will consider these e

o xponents more close-

; _A_osq the rate law for a reaction and its rate for a set of reactant con-

tHons, we can calculate the value of the rate constant, k. For example, using

5&. MEm 14.2 and the results from experiment 1, we can substitute into

+ Detector 1t Compiter.

SR (A Figuré 14.5' mmmmn.nmam.@m.m«wﬁo.ﬁmmnmn:oq:m».mr :

5.4 3 1677 M/s = k{0.0100 A)(0.200 M)

14.3 Concentration and Rate Gl¥ing for £ gives

. 54 x 107 M/s
g Lionelto Pobliani and Mario N. One way of studying the effact of concentration on reaction rate is to detert k= (0.0100 M){0.200 M) =27 x 107 Mgt
Berberan-Santos, “Inflation Rates, way in which the rate at the begirning of a reaction {the initial rate} depends :
mﬂmwmuw_ﬂwmﬁﬁwwcmjm,ﬂ__ﬂw_u starting concenirations. To illustrate this approach, consider the following r to ,_amnq that this same value of k is cbtained using any of the
A . L Vol 73, ent: i i
1996, 950-552. N, Hag) + NOy (ag) — Nafg) + 2H,00) o r.mﬂmwnmﬁw::m given in Table 14.2.
ave both the rate law and the value of the rate constant for a reac-

mnmw n&n&mﬁuwrm rate of reaction for any set of concentrations. For exam-
Equation 14.6 and k = 2.7 X 10 ¥ M™*s7%, we can cal
0100 Mand [NO, ] = 0100 M: sleviate he sae

17 X 1074 M7IsT1)(0.100 M)(D.100 M) = 2.7 x 1070 M/s

We might study the rate of this reaction by measuring the concentratlon®
or N0, as a function of time or by measuring the volume of N3cQ
Because the stoichiometric coefficients on NH,*, NO;~, and Nz ar¢ allth

all of these rates will be equal.

ACTIVITY Once we determine the initial reaction rate for various startin i
nIal

Rates of Reactions tions of NFH,* and NO; ", we can tabulate the data as shown i
e Rate Law

%N TABLE 14.2  Rate Data for the Reaction of Ammonium and Nitrite to for most reactions have the general form

Experiment Initial NH,* Initial NO;~ o0 Rate = k[reactant 1]*[reactant 2]". .. [14.8]
C trati C tration g ¥

Number oncentration (M} oncentrati fits zm and # in a rate law are called reaction orders. For example

1 wmwwm wwwm Baini the rate law for the reaction of NH,* with NO, ™ ple

2 X . :

3 0.0400 0.200 Rate = kINH,7][NO,™]

4 0.0600 0.200 .

5 0,200 0.0202 : nxw.&.nmmﬂ mm [NH,"]is one, the rate is firsf order in NH, ™. The rate is

6 0.200 0.0404 ﬁ. 2 - G,_”S exponent “1” is not shown explicitly in rate laws.)

7 0.200 0.0606 00 order is the sum of the orders with respect to each reactant

8 0.200 0.0808 5, the rate law has an overall reaction orderof 1 + 1 = 2, and

d order overall.
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<
™

E Equation 14.6 follows from the

ariginal observation that the
rate o {NH, "J[NO;].

Charles [. Marzzacco, “An Analogy to
Help Students Understand Reaction
Orders,” . Chem. Educ., Vol. 75,
1958, 482,




Metal Compiexes

Ligands with More than One Donor Atom
Nomenclature of Coordination Chemistry
Isomerism

Color and Magnetism

Crystal-Field Theory

Chapter

Chemistry of
Coordination
Compounds

HE COLORS ASSOCIATED with chemistry are not only
eautiful—they are also informative, providing insights
into the structure and bonding of matter. Compounds
f the transition metals constitute an important group

f colored substances. Some of them are used in paint
gments; others produce the colors in glass and precious gems. Why do these
ompounds have coler, and why do these colors change as the ions or molecules
nded to the metal change? The chemistry that we explore in this chapter will
ielp us to answer these questions.
In earlier chapters we have seen that metal ions can function as Lewis acids,
orming covalent bonds with a variety of molecules and ions that function as
‘ewis bases. @ {Section 16.11) We have encountered many ions and com-
pounds that result from such interactions. We discussed [Fe(H,O)o*"
; o } L and [Ag(NH;}[*, for example, in our coverage of equilibria in
in an otherwise colorless mineral, : : : S R R LR IS S .. Sections 16.11 and 17.5. Hemoglobin, an important iron compound
: : RRITERASE sl : k@ thatis responsible for the oxygen-carrying capacity of blood. o
(Sections 13.6 and 18.4) In Section 23.3 we saw that hydrometallur-
gy depends on the formation of species such as [Au(CN),]". In this
chapter we will focus on the rich and important chemistry associat-
ed with such complex assemblies of metals surrounded by mot-
ecules and ions. Metal compounds of this kind are called
coordination compounds.

T he beautiful colors of gemstones
such as rubies, emeralds, and sap-
phires, are due to transition-metal
ions present as minor components

such as quartz or alumina.

35

» What's Ahead «

We begin by introducing the con-
cepts of metal complexes and ligands,
and providing a brief history of the
development of coordination
chemistry.

Next we examine some of the com-
mon geometries exhibited by coor-
dination complexes for different
coprdination numbers.

Our discussion then turns to
polydentate ligands, which are li-
gands with more than one doror
alom, and to some of their special
properties, including their impor-
tant roles in biclogical systems.

We introduce the nomenclature used
to name coordination compounds.

Coordination compounds exhibit
isonerism, in which fivo com-
pounds have the same composition
but different structures. The types
of isomerism exhibited by coordi-
nation compounds are described,
including structural isomers, geotnet-
ric isomers, and optical isemers,
which are two isomers of a com-
pound that are mirror images of
one another.

We will discuss the basic notions of

color and naagnetism in coordination
compounds.

In arder to explain some of the
interesting spectral and magnetic
properties of coordination com-
pounds, we present the crystal-ficld
theary.

949




950 Chapter 24 Chemistry of Coordination Compounds

The term coordinotion comes from
the fact that ligands form coordinate
bonds with the metal. That is, both
bonding electrons come from one of
the atorns of the ligand. Chemists
alse use the term dotive to describe
the bonding of a ligand to a metal
center.

@ R. Bruce Martin, “A Stability Ruler for
Metal ton Complexes,” . Chem.
fduc., Vol. 64, 1987, 402.

@ Ligands bind to metal ions through
unshared pairs of electrons (Jone
pairsy on the donor atom,

@W Lee R Summerlin and James L. Ealy,
Ir., “Cobalt Complexes: Changing
Coordination Numbers,” Chemical
Demonstiations, A Sourcebook for
Teachers, Vol. 1 {(American Chemical
Society, Washington, DC, 1988)
pp. 41-42. The coordination number
of cobalt in cobalt chloride solutions
is changed as the sclutions are
mixed with varying amounts of
ethanol.

Original Tons per “Free” C1™ Tons Moedern
Formulation Color Formula Unit per Formula Unit Formulation

TABLE 24.1° Properties of Some Ammaonia Complexes. of Cobalt(lil)

In 1893 the Swiss chemist Alfred Werner (1866-1919) proposed a theory that
ccessfully explained the observations in Table 24.1, and it became the basis for
ynderstanding coordination chemistry. Werner proposed that metal ions exhib-
£both “primary” and “secondary” valences. The primary valence is the oxidation
fate of the metal, which for the complexes in Table 24.1 is +3. -+ (Section 4.4}
The secondary valence is the number of atoms directly bonded to the metal ion,
hich is alse called the coordination number. For these cobalt complexes,
erner deduced a coordination number of six with the ligands in an octahedral
rangement (Figure 9.9) around the Co ion.

Werner's theory provided a beautiful explanation for the results in Table
.1. The NHj molecules in the complexes are ligands that are bonded to the Co
n; if there are fewer than six NH; molecules, the remaining ligands are C1™
s. The central metal and the ligands bound to it constitute the coordination
phere of the complex. In writing the chemical formala for a coordination com-
ound, Werner suggested using square brackets to set off the groups within the
gordination sphere from other parts of the compound. He therefore proposed

24.1 Metal Complexes

Species such as [Ag(NH;):1" that are assemblies of a central metal ion bonded §
a group of surrounding molecules or jons are called metal complexes or mete
ly complexes. If the complex carries a net charge, it is generaily called a comp]
fon, <++* {Section 17.5) Compounds that contain complexes are known as coor
nation compounds. Most of the coordination compounds that we will examin
contain transition-metal ions, although ions of other metals can form complex
as well.

The molecules or ions that surround the metal ion in a complex are know
as ligands (from the Latin word ligare, meaning “to bind”). There are two I 1
ligands bonded to Ag™ in [Ag(NHj);]*. Ligands are normally either anions g
polar maolecules. Every ligand has at least one unshared pair of valence elec:
trons, as iliustrated in the following examples:

H
. | hat CoCl;» 6NHj and CoCly - 5NH; are better written as {Co(iNHz),]Cl; and
O—H iIN—H (C=NT o(INH;)5CI]Cly, respectively. He further proposed that the chloride ions that
M;_m ___ re part of the coordination sphere are bound so tightly that they do not become

eed up when the complex is dissolved in water. Thus, dissolving
o(INH;)sCLCl; in water produces a [Co(NH3)sCI]* jon and two Cl™ ions; only
e two “free” Cl™ {ons are able to react with Ag(aq) to form AgCl(s).

Werner’s ideas also explained why there are two distinctly different forms

CoCl; - 4NHj3. Using Werner’s postulates, we formulate the compound as
“o(NH;),CLICL. As shown in Figure 24.1 B, there are two different ways to
drrange the ligands in the [Co{NH;3),Cl1* complex, called the ¢is and trans forms.
i cis-[Co(NH3),Cl]* the hwo chloride ligands occupy adjacent vertices of the
ahedral arrangement. In trans-{Co(NH3)4Cly]* the chiorides are opposite one
other. As seen in Table 24.1, the difference in these arrangements causes the
omplexes to have different colors.
. The insight into the bonding in coordination cempounds that Werner pro-
ded is even more remarkable when we realize that his theory predated Lewis’s
{deas of covalent bonding by more than 20 years! Because of his tremendous
ontributions to coordination chemistry, Werner was awarded the 1913 Nobel
rize in chemistry.

In forming a complex, the ligands are said te coordinate to the metal.

The Development of Coordination Chemistry: Werner's Theory

Because compounds of the transition metals exhibit beautiful colors, the che;
istry of these elements greatly fascinated chemists even before the periodic tab
was introduced. In the late 1700s through the 1800s many coordination ¢
pounds were isolated and studied. These compounds showed properties tha
seemed puzzling in light of the bending theories at the time. Table 241 ¥, f
example, lists a series of compounds that result from the reaction of cobalt{Ill
chloride with ammonia. These compounds have strikingly different colors. Ev
the last two listed, which were both formulated as CoCly - 4NHj3, have differer
colors.
All the compounds in Table 24.1 are strong electrolytes (Section 4.1), but the
yield different numbers of jons when dissolved in water. For example, dissoly:
ing CoCly-6NH; in water yields four jons per formula unit, where:
CoCl; - 5NH; yields only three ions per formula unit. Furthermore, the reactio
of the compounds with excess aqueous silver nitrate leads to the precipitation of
variable amounts of AgCl(s); the precipitation of AgCl(s) in this way is often
used to test for the number of “free” Cl” jons in an ionic compound. Whe
CoCly - 6NHj is treated with excess AgNOa{ag), three moles of AgCl(s} are pro
duced per mole of complex, so all three CI” ions in the formula can react to form
AgCl(s). By contrast, when CoCly - 5SNHj is treated with AgNOg{ag) in an anal::
ogous fashion, only two moles of AgCl(s) precipitate per mole of complex; O
of the Ci~ ions in the compound does not react to form AgCl(s). These results aze
summarized in Table 24.1.

SAMPLE EXERCISE 24.1

alladium(ll) tends to form complexes with a coordination number of 4. One such
ompound was originally formulated as PACl, - 3NHs. {a) Suggest the appropriate

ordination compound formulation for this compotnd. {b) Suppose an aqueous solu-
tion of the compound is treated with excess AgNOjslag). How many moles of AgCl(s)
are formed per mole of PdCly-3NH;7?

Solution (a) Analyze and Plan: We are given the coordination number of Pd(i]) and
the other groups in the compound. To write the formuia correctly, we need Lo deter-
mine what ligands are attached to Pd{ll) in the compound.
solve: By analogy to the ammonia complexes of cobalt(IIl), we might expect that the
three NH}; groups of PACL, - 3NH, serve as ligands attached to the Pd{l}) ion. The
urth ligand around Pd{II} is one of the chloride ions. The second chloride ion is not
ligand; it serves only as an anion in this fonic compound. We conclude that the cor-
ect formulation is [Pd(INH):CHCL
(b} We expect that the chloride fon that serves as a ligand will not be precipitated
a3 AgCH(s) following the reaction with AgNO;(aq). Thus, only the single “free” Cl™ can
eact, We therefare expect to produce one mole of AgCl(s) per mole of complex. The

CoCl; - 6NH; Orange 4
Coll;+ 5NH;y Purple 3
CoCl; - 4NH; Green 2
CoCls-4NH; Violet 2

alanced equation is the following:
[PANH3),ClICHagy + AgNOslaq) — [PANH)3ClNOs{rg) + AgCls)

- This is a metathesis reaction (Section 4.2) in which one of the cations is the [PA(NH5);CLY
ompiex jon.

[CofNF33]Cla
[Co(NH3):ClCly
trans-[Co(NH;);CEIC
cis-[Co(NH 34 ClIC]

3
2
1
1
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Violet

gz )

A Figure 241  The two forms
(isomers) of the complex
[Co(NH3),CL]*. In (a) cis-{Co(NH3),CL)*
the two Ci ligands occupy adjacent
vertices of the octahedron, whereas in
(b) trans-[Co(NH;)4CloJ" they are
opposite one another. (The blue spheres
represent the coordinated NH; ligands.}
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Metal-igand bonds have some
covalent character in addition to
ionic character.

by

A Figure 24.2  When an aqueous
solution of NH,SCN is added to an
aqueous solution of Fe3*, the intensely
colored [Fe(H0)sNCS]2™ ion is formed.

: SAMPLE EXERCISE 24.2
What is the oxidation number of the central metal in [Rh(NH3)sCI(NO,),?

Solution

Analyze and Plan: In: order to determine the oxidation number of the Rh atom, we need
to figure out what charges are contributed by the other groups in the substance. The
overall charge is zero, so the oxidation number of the metal must balance the charge
ue to the rest of the compound.

olve: The NO; group is the nitrate anion, which has a 1— charge, NO; ™. The NH, lig-
ands are neutral and the Clis a coordinated chloride ion, which hasa 1— charge, CI™.
The sum of all the charges must be zero.

X450+ (- +2-1)=0

vl

[Rh{NH3}5CI{NO5),

PRACTICE EXERCISE o
Predict the number of jons produced per formula unit in an agueous sclution 0
CoCl, * 6H;0. o

Ansiver: three (the complex ion and twe chleride ions)

The Metal-Ligand Bond

The bond between a ligand and a metal ion is an example of an interactio
between a Lewis base and a Lewis acid. <+ (Section 16.11} Because the ligan,
have unshared pairs of electrons, they can function as Lewis bases (electron-payr
donors). Metal ions {particularly transition-metal ions) have empty <m.Hm:n.m
orbitals, so they can act as Lewis acids (electron-pair mnnmvwo_.mv.. EM. can picture
mmm ”...DM& Umﬂmﬁmﬂwwmnﬂwhmﬂww M_ﬂmn—_u._mmmﬂ% as the result of helr sharing 2 pa -The oxidation number of rhodium, x, must therefore be +3,
of electrons tha :

PRACTICE EXERCISE

¥
JH m_.H H_.H - What is the charge of the complex formed by a platinum(Il) metal ion surrcunded by
VA e N ; two ammonia molecules and two bromide ions?
Agtiag) + M&%IEQSV > E.IJTPm.H% H| (9 f2e1] Answer: zero
H H H

. SAMPLE EXERCISE 24.3

A complex ion contains a chromium{IIT) bound to four water malecules and two chlo-
ride ions. What is its formula?

The formation of metal-ligand bonds can markedly alter the properties w,
observe for the metal ion, A metal complex is a distinct chemical species Em* has
physical and chemical properties different from the metal jon and the rmm.h._m_m. :
from which it is formed. Complexes, for example, may have colors that a_mm.
dramatically from those of their component metal ions and ligands. Figure 242 .“
shows the color change that occurs when aqueous solutions of SCN™ and Fe:
are mixed, forming [Fe(H,O)sNCS[*" .

Complex formation can also significantly change other properties of Em.ﬁm_
ions, such as their ease of oxidation or reduction. >m+. for example, is readily
reduced in water. :

Agtlag) + &7 — Agls) E° = +0.799V (242}

Solution The oxidation state of the metal is +3, water is reutral, and chloride has a
1~ charge:

34 40) + 2A~1) = +1

VLY

Cr{FLONCl,

The charge on the ion is 1+, [Cr(FH.(),Cl,1.

PRACTICE EXERCISE

Write the formula for the complex described in the Practice Exercise accompanying
Sample Exercise 24.2.

Answer: [PH{NH;),Br,]

In contrast, the [Ag(CN),]™ ion is not so easily reduced because complexatios
by CN ™ ions stabilizes silver in the +1 oxidation state.

[Ag(CN) I (ag) + e~ —— Ag(s) + 2CN " (ag} E° = —031V E.Pw_.

Hydrated metal ions are actually complex ions in which the ligand is ‘.SH:m
Thus, Fe* (ag) consists largely of [Fe(H,0)g**. «=#+ (Section 16.11) Complex ion
form in aqueous solutions from reactions in which ligands such as NH;, mOZ
and CN~ replace H,O molecules in the coordination sphere of the metal ion.

Recall that the number of atoms directly bonded to the metal atom in a com-
lex is called the coordination number. The atom of the ligand bound directly to
the metal is called the donor atom. Nitrogen, for example, is the donor atom in
the [Ag(INH),]" complex shown in Equation 24.1. The silver ion in [Ag(NHa)s]*
has a coordination number of 2, whereas each cobalt fon in the Co(lll) complex-
in Table 24.1 has a coordination number of 6.

Some metal ions exhibit constant coordination numbers. The coordination

number of chromium(Il) and cobalt(I1l} is invariably 6, for example, and that of
Platinum(Il) is always 4. The coordination numbers of most metal ions vary with
the ligand, however. The most common coordination numbers are 4 and 6.
The coordination number of a metal fon is often influenced by the relative
sizes of the metal ion and the surrounding ligands. As the ligand gets larger,
= fewer can coordinate to the metal ion, Thus, iron(III) is abie to coordinate to six
- fluorides in [FeF;]*~ but coordinates o only four chlorides in [FeCl,]". Ligands
that transfer substantial negative charge to the metal also produce reduced coor-
dination numbers. For example, six neutral ammonia molecules can coordinate
to nickel(I), forming [Ni(NH,),]**, but only four negatively charged cyanide
ons can coordinate, forming [NICN) P

Charges, Coordination Numbers, and Geometries

The charge of a comptlex is the sum of the charges on the central metal and on

its surrounding ligands. In [Cu(NH3)4}50; we can ammcn.m the charge on the
complex if we first recognize that SO, represents the sulfate fen and therefore me
a2— charge. Because the compound is neutral, the complex jon must havea2t:
charge, [Cu(NE 3)s1?*. We can then use the charge of the complex ion to deduce

the oxidation number of copper. Because the NH ; ligands are neutral molecules, the-
oxidation number of copper must be +2. o

+2+4(0) = +2

yoLd

[Cu(NH)**

24.1 Metal Complexes 953
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j The most common denor atoms are
ek

nitregen, oxygen, and the halogens.

D.<m:§8..w39:.<c:50:.mnc:x,
Wilson, A. Hirsch, Peng Zhang, and
leffrey 5. Moare, “A Coordination
Geomelry Table of the d-8lock
Elements and Their lons,” f. Chem,
fduc,, Vol. 74, 1997, 915-918,
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» Figure 24.3 Suuctures of

() [ZR{NH T2 and (b) [PUNH; LI,
itustrating the tetrahedral and square-
planar geometries, respectively. These
are the two common geometdes for
complexes in which the metal ion has a
coordination number of 4.

&

» Figure 24.4 Two representations
of an octahedral coordination sphere, the
common geemelric arrangement for com-
plexes in which the metal ion has a
coordination number of 6.

Z

@ Bassam Z. Shakhashir, "Precipilales
and Complexes of Copper(il),”
Chemical Demonstrations: A
Handbook for Teachers of Chemistry,
Vol. 1 (The University of Wisconsin
Press, Madison, 1983) pp. 318-323.
The sequential addition of various
agents to beakers of CuSO, or
Cu{NG;), yield a variety of colored
copper complexes and precipitates.

Ganiel T. Hawaorth, *Some Linguistic
Detail on Chelation,” ). Chem. Educ,
Vol, 75, 1998, 47,

30 MODEL
Ethalyenediamine

Cofen}y®*

A Figure 24.5 The [Co(er)s]** ion,
showing how each bidentate
ethylenediamine ligand is able to occupy
wo positions in the coordination sphere.

7

N, .N NN
QOrtho-phenanthroline Carbonate ion Bipyridine
{0-phen) (vipy)
Structures of some bidentate ligands. The cocrdinating atoms are shown
(&)
- NH, — 34 rc. Ethylenediamine is a bidentate ligand (“two-toothed” ligand) because it
an occupy two coordination sites. The structures of several other bidentate lig-
nds are shown in Figure 24.6 A.
H;N The eth iam i i " isani
e ethylenediaminetetraacetate ion, abbreviated [EDTA]*", is an important
N Co NH, olydentate ligand that has six donor atoms.
NH;
\".O|00I~/
. NH; - \ZOINOEM:
(b) ."hulm__unxN
. - HoH
Four-coordinate complexes have two common geometries—tetrahedral and {EDTAJ*

square planar--as shown in Figure 24.3 A, The tetrahedral geometry is the more
commen of the two and is espacially common among nontransition metats. Th
square-planar geometry is characteristic of transition-metal ions with eight
electrons in the valence shell, such as platinum(Il) and gold{3IT}.

The vast majority of 6-coordinate complexes have an octahedral geometry,
as shown in Figure 24.4(a} A. The octahedron is often represented as a planat
square with ligands above and below the plare, asin Figure 24.4(b). Recall, how,
ever, that all positions on an octahedron are geometrically equivalent, ===
(Section 9.2)

It can wrap around a metal ion using all six of these donor atoms, as shown in
Figure 24.7 W, although it sometimes binds to & metal using only five of its six
donor atoms.

In general, chelating ligands form more stable complexes than do related
monodentate ligands. The formation constants for INi(NH;)?" and [Ni{en);[**,
shown in Equations 24.4 and 24.5, illustrate this observation.

[Ni(FL,0)¢]** (ag) + 6NHa(ng) ==
[NI{INH)g]* (aq) + 6H,0(1) Ky =12 % 10° [24.4]

24.2 Ligands with More than One Donor Atom | NI0120%(ag) + Sen(ag) ===
, [Nien)y]*'(ag) + 6H,Of) K, =68 x 107 [243]

Although the donor atom is nitrogen in both instances, [Nifen)s)*" has a for-
mation constant that is more than 10% times larger than that of HZ:ZIuvm_N.f.
The generally larger formation constants for polydentate ligands as compared
with the corresponding monodentate ligands is known as the chelate effect.
We examine the origin of this effect in greater detail in “A Closer Look” in
his section.

Chelating agents are often used to prevent one or more of the customary
eactions of a metal ion without actually removing it from solution. For exam-
-ple, a metal ion that interferes with a chemical analysis can often be complexed
nd its interference thereby removed. In a sense, the chelating agent hides the
”Hmﬁm_ ion. For this reason, scientists sometimes refer to these ligands as seques-
‘tering agents. (The word sequester means to remove, set apart, or separate.}

- Phosphates such as sodium tripelyphosphate, shown here, are used to com-
-plex or sequester metal ions in hard water so these ions cannot interfere with
the action of soap or detergents: -+ (Section 15.6)

The ligands that we have discussed so far, such as NH; and CI7, are calle
monodentate ligands (from the Latin, meaning “one-toothed”). These :mm:n_.
possess a single donor atom and are able to occcupy only one site ina coordi-
nation sphere. Some ligands have two or more donor atoms that can simulta-
neously coordinate to a metal ion, thereby cccupying twa or more coordination
sites. They are called pelydentate ligands (“many-toothed”). Because they .
appear to grasp the metal between two or more donor atoms, polydentate lig- -
ands are also known as chelating agents (from the Greek word chele, “claw”).
One such ligand is ethylenediamine.

\OE~|Q.WN/
HalY NH;
Ethylenediamine, which is abbreviated en, has two nitrogen atoms (shown in
color) that have unshared pairs of electrons. These donor atoms are sufficiently
far apart that the ligand can wrap around a metal ion with the two D.wqommum
atoms simultaneously bonding to the metal in adjacent positions. The _Ooﬁm:ﬁw
ion, which contains three ethylenediamine ligands in the octahedral coordination
sphere of cobalt(III), is shown in Figure 24.5 4. Notice that the ethylenediamine
has been written in a shorthand notation as two nitrogen atoms connected by an

P79
Naj oiwlolwlohh\o

M I _
0 0 O
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&rw Mark Cenway, Smallwood Holoman,
Ladell Jones, Ray Leenhouts, apd
Gerald Wiltiamson, “Selecting anc
Using Chelating Agents,” Chem.
£ng., Yol 106 (3}, 1999, 86-90.

CoRDTA™ T
. iy
A Figure 24,7 The [CoEDTA] ion,
showing how the ethylenediaminetetra-
acetate ion is able to wrap around a
metal ion, occupying six positions in the
coordination sphere.

|. Roger Hart, “EDTA-Type Chelating
Agents in Everyday Consumer
Products: Sorme Medicinal and
Personal Care Products,” [. Chem
Fduc, Vol 61, 1984, 1060-1061.
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Chelating agents such as EDTA are used in consumer products, including many
prepared foods such as salad dressings and frozen desserts, to complex trace metal
ions that catalyze decomposition reactions. Chelating agents are used in medicine
to remove metal jons such as Hg®*, Pb?*, and Cd?*, which are detrimental to health,
One method of treating lead poisoning is to administer Na;[Ca(EDTA)). The EDTA
chelates the lead, allowing it to be removed from the body via urine. memmw_.hw
agents are also quite common in nature. Mosses and lichens secrete chelating agents
to capture metal jons from the rocks they inhabit (Figiire 24.8 o).

A Figure 24.8 Lichens growing on a Metals and Chelates in Living Systems

rock surface. Lichens obtain the nutrients
needed for growth from a variety of
sousces. Using chelating agents, they are
abte to extract needed metallic elements
from the rocks on which they grow.

Ten of the 29 elements known to be necessary for human life are transition met-
als. =v++ ("Chemistry and Life,” Section 2.7) These ten—V, Cr, Mn, Fe, Co, Nj,

form complexes with a variety of donor groups present in biclogical systems,
Metal ions are integral parts of many enzymes, which are the body’s catalysts,
rres (Section 14.7)

Although our bodies require only small quantities of metals, deficiencies
can Jead to serious illness. A deficiency of manganese, for example, can lead to
convulsive disorders. Some epilepsy patients have been helped by the addition
of manganese to their diets.

Metals and Biological Defense:
Principles and Applications in
Bioinorganic Chemistry, Part VII,™ J.
Chem. Educ., Volb. 72, 1995,
479484,

the porphine molecule, which is shown in Figure 24,10 ». This molecute can coor-
dinate to a metal using the four nitrogen atoms as donors. Upon coordination to
a metal, the two H atoms shown bonded to nitrogen are displaced. Complexes
derived from porphine are called porphyrins. Different porphyrins contain dif-
ferent metal ions and have different substituent groups attached to the carbon
atoms at the ligand's periphery. Twe of the most important porphyrin or por-

E Colin ). Rix, “The Biochemisiry of
Some lron Porphyrin Complexes,” ).
Chem. Educ., Vol. 59, 1982,
339-392.

phyrin-like compounds are heme, which contains Fe(ll), and chlorophyil, which

contains Mg(Il).

i A Closer Look Entropy and the Chelate Effect

When we examined Emﬂdo&ﬁmiw& more closely in Chapter
19, we learned that many chemicat processes are driven by pos-
itive changes in the entropy of the system.. == (Section 19.3)
The special stability associated with the formation of chelates,
called the chelate gffect, can also be explained by looking at the
entropy changes that occur when polydentate ligands bind to
a metal ion. To understand this effect better, jet's look at some
reactions in which two Hy0 ligands of the square-planar Cu(IT)
complex [Cuf{H,0),]** are replaced by other ligands. First, let’s @
consider replacing the H,O ligands with NH, ligands.at 27°C
10 form [Cu(H,OW(NH;),|**, the striicture of which is shown in
Figure 24.9(ay By, - i en L TR
[Cu(H0)41* (ag) + 2NHs(ag) == SR

[CuH0),(NHa), 1 (ag) -+ 2H,00)
AH® = —46K]; AS? = —84J/K AG = -3k

4 Figure 24,9  Bail-and-stick representations of
planar complexes (a) [Cu(H;0)(NH3) 12T and - >
(b} [Cu(H;0)x{en)1*". The red spheres represent the H,0

liands, and the blue spheres represent the NH; or en mmm:m.m.

the square,

use the value of AG® to calculate the equilibrium constant
the reaction at 27°C. The resulting value, K, = 3.1 107, tell
us that the equilibrium lies far to the right, favoring substitution
of Ha0 by NHj. For this equilibrium, .the change in thé
enthalpy is large and negative enough to overcome the negati
changein the entropy. = 707 KR
How does this situation change if instead of two NH; lig
ands we use a single bidentate ethylenedizmine (en} ligand and.

The thermodynamic data provide us. with information
about the relative abilities of H,O and NH; fo serveas ligands
in these systems. In general, NH; binds more tghtly to metal
ions than H,O, so these kinds of substitution reactions are
exothermic (AH < 0} The stronger bonding of the NHj
ligands also causes [Cu(H,0)(NHzLPF {6 be more rigid,
which is probably the reason that the entropy change for the
reaction is slightly negative. By using Equation 19.18, we can

o]

‘A Figure 24,10  Structure of the

Cu, Zn, Mo, and Cd—owe their roles in living systems mainly to their ability to . that play 2 variety of impartant rofes in

Among the moest important chelating agents in nature are those derived from :

respondingly larger equilibrium constant: K., = 4.2 % 10°%.

24.2 Ligands with More than One Donor Atom 957

39

porphine mofecule. This mofecule
forms a tetradentate ligand with the
loss of the two protons bound to
nitrogen atoms. Porphine is the basic
component of porphyrins, complexes

nature,
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A Figure 24,171 A schematic structure of myeglobin, a protein that stores oxygen in celis.
Myoglobin has a molecular weight of about 18,000 amu and contains one heme unit,
symbofized by the red disk. The heme unit is bound to the protein through a nitrogen-
containing ligand, represented by the blue N on the left. In the oxygenated form an O,
maolecule is coordinated to the heme group, as shown, The three-dimensional structure of the
protein chain is represented by the continucus purple cylinder. The helical sections are denoted
by the dashed lines. The protein wraps around to make a kind of pocket for the heme group.

@ N. M. Senozan and R, L. Hunt,
“Hemoglobin: its Oceurrence,
Structure, and Adaptation,” f. Chem.
Educ., Vol. 58, 1982, 173-178.

Figure 24.11 A shows a schematic structure of myoglobin, 2 protein that con-
tains cne heme group. Myoglobin is a globular profein, one that folds into a com-
pact, roughly spherical shape. Globular proteins are generally soluble in water

and are mobile within ceils. Myoglobin is found in the cells of skeletal muscle,

We can combine the earlier equations to show that the for-
mation of JCu(H,0)x{en)p" is thermodynamically preferred
over the formation of [Cu(H,0)(NH3)»]*". If we add the sec-
ond reaction to the reverse of the first reaction, we obtain
ECu{E,0)(NHa)l> (ag) + enfag) — :

Ll [CuHO)fen) P iag) + 2NHylog)

The thermocherrical data for this equilibrium reaction can
be obtained {rom those given earlier.

L AHT = (—54K]) - (~46 k) = ~8 K]

form [Cu(H,O(endl [Figure 22.9(b}}? The equiiibrium reac-
tion and thermodynamic data are

.Mncamov&m,r?ﬂ + enfag) T
e [Cu(H,0)(eni]* (ag) + 2H,0() .
AH® = ~54K]; 45° = +23]/K;. AG® = ~61%]

The en ligand binds slightly more strongly to a Cu® ion than
_..Eo NHj ligands, so the enthalpy change on forming
[CaH,O)em?: is' slightly’ more negative than for
[Cu(F0),(NH,)2)*F: There is a big difference in the entropy )
changé, however. N,.%_ﬁmmm the entropy change for forming AS® = (+23J/K) — (—84]/K) = +31 /K
“u(H30),(INHa); 1" is negative, the entropy change for form- ’ o _ :
g [Ca(HOh(en)] is .mommpﬁﬂw.\ _.,ﬂ&nmﬂ.uw w mﬂ.mm.ﬂmH degree of AGS = (=61} — (=43}]) = —18L] -
Notice that at 27°C (300 K}, the entropic contribution (~TAS5%)

disorder; We can explain this observation by using the con-

Cepts we.discussed in Section 19.4: Because a single en ig- to the free-energy change is negative and greater in magnitude

and. occupies two.coordination sites; twe motecules of HbO than the enthalpic contribution (AH®). The resulting value of

are wﬂmm sédd upon binding one en ligand, Thus, there are three k&. for this reaction, 1.4 % 10%, shows that the formation of the

molecules on the right side of the equation, whereas there are  chelate complex is much more favorable,

only two on the left side, all of which are part of the same aque- The chelate effect is important in biechemistry and molec-

ous solution. The greater number of molecules on theright leads  ular biology. The additional thermedynamic stabilization pro-

to the positive entropy change for the equitibrium. Theslightly  vided by entropic effects: helps to stabilize biological
metal-chelate complexes, such as porphyrins, and can allow

ore negative value of AH® coupled with the positive ertropy
hange leads to a much more negative value of AG®andacor-  changes in the oxidation state of the metal ion while retaining
the structural integrity of the complex.
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particuiarly in seals, whales, and porpoises. I stores oxygen in cells until it _.m..
needed for metabolic activities. Hemoglobin, the protein that transports oxygen
in human biood, is made up of four heme-containing subunits, each of which is’
very similar to myogiobin. :

The coordination environment of the iron in myoglobin and hemoglobin is.
Hlustrated schematically in Figure 24.12 4. The iron is coordinated to the four
nitrogen atoms of the porphyrin and to a nitrogen atom from the protein chain
The sixth position around the iron is occupied either by O (in oxyhemoglobin
the bright red form) or by water (in deoxyhemoglobin, the purplish red form)
/ The oxy form is shown in Figure 24.12. Some substances, such as CO, are poj

ﬂv\h o .P.owmw: (globin)

A Figure 24.12 Schematic
representation of oxymyogfobin or
oxyhemoglobin. The iron is bound to
four nitrogen atoms of the porphyrin, to
a nitrogen from the surrcunding protein,
and to an O3 molecule.

The chlorophylls, which are porphyrins that contain Mg(Il), are the key com
organisms. This process, called photosynthesis, occurs in the leaves of gree;

drate, with the release of oxygen.
6COy + 68,0 25 ¢, H,,0, + 60, [24.6]:

The product of this reaction is the sugar glucose, CgH2Qg, which serves as a-
fuet in biological systems. =~ (Section 5.8 The formation of one mole of glucose
requires the absorption of 48 mol of photons from sunlight or other sources o
light. The photons are abscrbed by chlorophyll-containing pigments in the leave,

is shown in Figure 24.13 .

around the metal in a planar array. The nitrogen atoms are part of a porphine
like ring (Figure 24.10). The series of alternating, or conjugated, double bonds ir
the ring surrounding the metal ion is similar to enes found in many organic dyes
wve ("Chemistry at Work,” Section 9.8) This system of conjugated double bonds
makes it possible for chlorophyll to absarb light strongly in the visible region of
the spectrum. Figure 24.14 ¥ compares the absorption spectrum of chlorophyil
to the distribution of visible solar energy at Earth’s surface. Chlorophyll is green

COOCH10 (rmaximum absorption at 430 nm} and transmits green light.

The solar energy absorbed by chlorophyll is converted by a complex series

A Figure 24.13  Structure of
chlorophyil o. All chlorophyif molecules
are essenti alike; they differ only in

details of the side chains.

of steps into chernical energy. This stored energy is then used to drive the reac
tion in Equation 24.6 to the right, a direction in which it is highly endothermi
Plant photosynthesis is nature’s solar-energy-conversion machine; all living sys-
. tems on Earth depend on it for continued existence (Figure 24.15 ¥).

10N ——

Light absorpti
Relalive sclar intensity —

l. 400 500 600 700 LT

%\W Wavelength {nm)

A Figure 24.14  Absorption spectrum of chlorophyll (green curve),
in compariscn with the sotar radiation at ground level (red curve).

4 Figure 24.15 The absorption and conversion of solar
energy that occurs in feaves provides the energy necessary to
drive all the g processes of the plant, including growth.

sonous because they bind te iron more strongly than does O, . <+ (Section Hm&. -
ponents in the conversion of solar energy into forms that can be used by living:

plants. In photosynthesis, carbon dioxide and water are converted to carbohy

iving systems have difficulty assimilating enough iron to satisfy
their needs. Consequently, iron-deficiency anemia is a cormmon
roblem in humans. Tn plants, chlorosis, an iron deficiency that
Tesults in yellowing of leaves, is also commonplace. Living systems
ave difficalty assimilating iron because most iron compeunds in
pature have a very low solubility in water. Microorganisms have
dapted to this problem by secreting an iron-binding compound,
alled a siderophore, that forms an extremely stable water-soluble
complex with iron(TT). One such complex is called ferrichrome; its
tructure is shown in Figure 24.16 ¥. The iron-binding strength of
siderophaore fs so great that it can extract iron from Pyrex™ glass-
are, and it readily solubilizes the iron in iron oxides.
The overall charge of ferrichrome is zero, which makes it
possible for the complex to pass through the rather hydropho-
ic walls of cells. When a dilute solution of ferrichrome is added
ta a cell suspension, iron is found entirely within the cells in an
hour. When ferrichrome enters the cell, the iron is removed
through an enzyme-catalyzed reaction that reduces the iron to
‘on(ID). Iron in the lower oxidation state is ot strongly com-
plexed by the siderophore. Microorganisms thus acquire iron by

of plants. The structure of the most abundant chlorophyll, called chlorophyll g, :

Chlorephylls contain 2 Mg?* jon bound to four nitrogen atems arranged:

because it absorbs red light {maximum absorption at 655 nm) and blue light :

excreting a siderophore into their immediate environment and
hen taking the resulting iron complex inte the celt. The over-
all process is illustrated in Figure 24.17 .

- Inhumans, iron is assimilated from feod in the intestine. A
protein calted trensferrin binds iron and transports it across the
intestinal wall to distribute it to other tissues in the body. The
normat adult carries a total of about 4 g of iron. At any one time,

H

A mm%cqm 2416  The structure of ferrichrome. In this complex
an Fe’™ ion is coordinated by six oxygen atoms. The complex is

very stable; it has a formation constant of about 16%°. The overali
¢ charge of the complex is zaro.
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Chemistry and Life The Battle for Iron in Living Systems
JAlthough fron s the fourth moest abundant element in Earth’s crust,

about 3 g, or 73%, of this iron is in the blood, mostly in the form
of hemoglobin. Most of the remainder is carried by transfosgn,

Abacterium that infects the blood requires a source om
if it is to grow and reproduce. The bacterium excretes a
siderophore into the bicod to compete with transferrin for the
iron it holds. The formation constants for iron binding are about
the same for transferrin and siderophores. The more iron avail-
able to the bacterium, the more rapidly it can reproduce, and,
thus, the more harm it can do. Several years ago, New Zealand
clinics regularly gave iron supplements to infants soon after
birth, However, the incidence of certain bacterial infections was
eight times higher in treated than in untreated infants. Pre-
sumably, the presence of more iron in the blood than absolute-
ly necessary makes it easier for bacterfa to obtain the iron
needed for growth and reproduction. ’ .

In the United States it is common medical practice to sup-
plement infant formula with iron sometirme during the first year
of life because human milk is virtually devoid of iron. Given
what is now known about iron metabolism by bacteria, many
research workers in nutrition believe that iron supplementa-
tion is not generally justified or wise.

For bacteria to continue to multiply in the bloodstream,
they must synthesize new supplies of siderophores. Synthesis
of siderophores in bacteria slows, however, as the temperature
is increased above the normal body temperature of 37°C, and
it stops completely at 40°C. This suggests that fever in the pres-
ence of an invading microbe is a mechanism used by the body
to deprive bacteria of iron,

A Figure 2417 The iron-transport system of a bacterial cell.
The iron-binding ligand, called a siderophore, is synthesized
inside the cell and excreted into the surrounding medium. it
reacts with Fe¥* jon to form ferrichrome, which is then absorbed
by the cell. Inside the cell the ferrichrome is reduced, forming
FeZ*, which is not tightly bound by the siderophore. Having
refeased the iron for use in the cef}, the siderophore may be
recycled back into the medium,
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Figure 2.21 The distinction between
mixtures and compounds. A, A mixture
of iron and sulfur can be separated
with a magnet because only the iron

is magnetic. The Slow-up shows sep-
arate regians of the two elements,

B, After strong heating, the compound
iran(ll) suifide forms, which is no
longer magnetic. The blow-up shows
the structure of the compound
which there are no separate regions of
the elements.

Chapter 2 The Components of Malier

2.9 MIXTURES: CLASSIFICATION AND
SEPARATION

Although we pay a great deal of attention to pure substances, they almost never
occur around us. In the natural world, metter usally occurs as mixtures. A sam-
ple of clean air, for example, consists of many elements and compounds physi-
cally mixed together, including oxygen (Os), nitrogen (N3), carbon dioxide (COy),
the six noble gases [Group 8A(18}], and water vaper (Ha0). The oceans are com-
plex mixtures of dissolved ions and covalent substances, including Na*, Mg**,
CI™. 80,%7, O,, CO,, and of course H,O. Rocks and soils are mixtures of numesr-
ous compounds—calcium carbonate (CaCQs), silicon dioxide (SiO5), aluminum
oxide {Al,(5), iron{IH} oxide (Fe,0s)—perhaps a few efements (gold, silver, and
carbon in the form of diamond), and petroleum and coal, which are complex mix-
tures themselves. Living things contain thousands of substances: carbohydrates,
lipids, proteins, nucleic acids, and many simpler ionic and covalent compounds.

There are two broad classes of mixtures. A heterogeneous mixture has one
or more visible boundaries between the components. Thus, its compoesition 3§ not
uniform. Many rocks are heterogeneous, showing individual grains and flecks of
different minerals. In some cases, as in milk and bloed, the boundaries can be
seen only with a microscope. A homogeneous mixture has no visible boundarics
because the components are mixed as individuat atoms, jons, and molecules. Thus,
its composition iy uniform. A mixture of sugar dissolved in waler is homogeneous,
for exampie, because the sugar melecules and water molecules are uniformly
intermingled on the molecular level. We have no way to tell visually whether an
object is a substance (element or compound) or a homogeneous mixture.

A homogeneous mixture is also calied a solution. Although we usually think
of solutions as liquid, they can exist in all three physical states. For example, air
is a gaseous solution of moestly oxygen and nitrogen melecules, and wax is a solid
solution of several fatty substances. Solutions in water, called aqueous solutions,
are especially important in chemistry and comprise a major portion of the envi-
ronment and of all organisms.

Reczll that mixtures differ fundamentally from compounds in three ways:
(1) the proportions of the components can vary; (2} the individual properties of
the components are observable; and (3) the components can be separated by phys-
ical means, In some cases, if we apply enough energy fo the components of the
mixture, they react with each other chemically and form a compound, after which
their individual propertics are no longer observable. Figure 2,21 shows such a
case with a mixture of iron and sulfur.

In order o investigate the properties of substances, chemists have devised
many procedures for separating a mixture into its component elements and com-
pounds. Indeed, the laws and models of chemistry could never have been formu-
lated without this ability, Many of Dalton’s critics, who thought they had fourd
compounds with varying composition, were unknowingly studying mixtures! The
upcorning Tools of the Laboratory essay describes some of the more common lab-
oratory separation methods.

Haterogenecus mixtures have visible boundaries between the components. Homege-
neous mixtures have no visible boundaries because mixing occurs at the molecutar
level. A sofution is a homogeneous mixture and can occur in any physical state. Mix-
tures {not cerapounds) can have variable proporiions, can be separated physically,
and retain the's somponents’ properties. Common physical separation processes
include filtration, crystallization, extraction, chromatography, and distillation.

. 7

Tools of the Laboratory

ocour.

Filiration separates the compo-
eats of a mixture on the basis of
ifferences in particle size. It is used
ost often to separate a liquid
smaller particies) from a solid
arger particles). Figure B2.3 shows
imple filtration of a solid reaction
roduct. In vacuum filtration, re-
ced pressure within the fask
pecds the flow of the liguid through
filter. Filtration is a key step in
¢ purification of the tap water you
nk.

Crystallization is based on dif-
erences in solubility. The solubility
a substance is the amount that dis-
olves in a fixed volume of selvent
i:a given temperature, The proce-
lare shown in Figure B2.4 applies
e fact that many substances are
inore soluble in hot solvent than in
vld, Purified compound is shown
rystallizing out of the solution as it
is cooled. Essential substances in
mputer chips and other modern
electronic devices are purified by a
‘type of erystallizalion.

hapter 13).

an organic solvent.

Basic Separation Techniques

ome of the most challenging and time-consuming laboratory
rocedures involve separaling mixtures and purifying the
ymponents. Several common separation techniques are de-
ibed here, Note that all these methods depend on the physical
pperties of the substances in the mixture; ao chemica changes

Figure B2.4

Crystallization.

: Distillation separates components through differences in
.Yolatility, the tendency of a substance to become a gas. Ether, for
xample, is more volatile than water, which is much more
olatile than sodium chloride. As the mixture boiis, the vapor is
cher in the mere volatile component, which can be condensed
-and collected separately. The simple distillation apparatus shown
in Figure B2.5 is used to separate components with farge differ-
ences in volatility, such as water from dissolved ionic com-
pounds. Separating components with small volatility differences
Tequires many vaporization-condensation sieps (25 discussed in

Extraction is also based on differences in solubility. In a typ-
Ical procedure, a natural (oflen plant or animal) material is
‘ground in a blender with a solvent that extracts {dissolves) solu-
ble compound(s) embedded in inscluble material. This extract is
separated further by the addition of a second sotvent that does not
dissolve in the first. After shaking in a separatory funnel, some
components are exiracted into the new solvent. Figure B2.6
:shows the extraction of plant pigments from water into hexane,

(continued)

AN
(0 Mixture is heated and <m_.m»_..._%.
compongnt vaporizes

@ Vapors in conlact
with cool glass
condense to form
pure liguid
distiflate

Waler-cooled
condenser ™

\u_

Water in

\ S

5t
@ Distiffate collected "~
in separate flask

/ Water out
10 sink

2

Figure B2.5 Distitlation.

(1) Hexane shaken with water solution
of plant nraterial axiracls some
dissolved substances

Hexane layer

@ Upon sfanding, solttions

Water layer Separale inlo layers

@ Stopcock is openad to drain botton
) fayer, and lop fayer is collecled

Figure B2.6 Extraction.

g

S
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Chromatography is a third technique based on differerces in
solubiliry. The mixture is dissolved in a gas or liquid called the
mobile phase, and the components are separated as this phase
moves over a solid (or viscous liquid) surface called the station-
ary phase. A component with low solubility in the stationary
phase spends less time there, thus moving faster, than a compo-
nent that is highly soluble in it. Figure B2.7 depicts the separation
of a mixture of pigments in ink. Many types of chromatography
are used 10 separate # wide variety of substances, from simple
gases 1o biological macromolecules. In gas-fiquid chromatogra-
phy {GLC), the mobiie phase is an inert gas, such as helium, that
carTies the previously vaporized components into a long tube that
contains the stationary phase (Figure B2.8, part A). The compo-
nents emerge separately and reach a detector to create a chro-
matogram. A typical chromatogram has numerous peaks of
specific positica and height, each of which represents the amount
of a given component (Figure B2.8, part B). The principie of
high-performance. {(high-pressure} liguid  chromatography
(HPLC) is very similar, but the mixeure is not vaporized, so a
more diverse group of mixtures, which may include nonvolatile
compounds, can be separated (Figure B2.9).

A Aftar S_mqmn___._m_ with the stalionary phase

Figure B2.8 Principle of gas-liquid chromatography (GLC). A, The
moblile phase (purple arrow} cardes the mm:.ﬁ_m mixture into a tube
packed with the stationary phase (gray outiine ‘on yellow spheres),
and each companent dissolves in the stationary phase 1o a different

(3 Ink mixiure is piaced

7 Solvent carafully on stationary
{mobile phase
phase}
{2) Fresh solvent flows

through the column

Solvent {3} Gomponenis move
through column at
Stationary different rates
phase packed
in column @ Tha feast soluble
component oves Tk

fastest

& mm_um..m ted comgo-
nents are collected
as they emergs from
column

Oo_iog_..@ flasks

Figure B2.7 Procedure for column chromatography.

Datector response
o
L=}

2

QM ey T 7T ¥
22 24 26 28 u.u 32 34 36
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extent. A componant (red; that dissolves less readily than another
(biue} emerges fram the tube sooner. B, A typicat gas-fiquid chro-
matogram of a complex mixture displays each component as a paak,

Chapter Perspective

explore one of the central quantitative ideas in chemistry: how

* Visible parls
« Differing regicnal composition

MATTER
Anything that has mass and volume
Exists in three physfcal states: solid, liquid, gas

L : . MIXT cmmm . E
", Twaormare m_mamam of compounds in variabie uBunzﬁam
: . OQQvo:m:Hm.qmﬁS thei nauma_mu. ™

Chapfer Perspective 77

‘An understanding of matrer at the observable and atomic levels is the essence of chemisiry.
Trt this chapter, you huve learned how matter is classified in terms of its compaosition and how
it 1s named in words and formulas, which are major steps toward that understanding. Figure
22 provides a visual review of many key terms and ideas in this chapter. In Chapter 3, we
the observable amount of a
substance relates 1o the monber of atoms, molecules, or ions that make it up.
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Homogeneous Mixtures (Solutions)
= No visible pars
* Same composition throughout

T A T PR TR

Elements

» Composed of ons lype of atom

+ Classified as melal, nonmetal, or

mataloid

Simplest type of matter that retains.

characterstic properties

May cccur as individual atoms or

as molecules

+ Atomic mass is average of isolopic
masses weighted by abundance

.

.

Atoms

*+ Protons {p*) and nautrons
(n®) in liny, massive, positive
nucleus; number of p* =
atemic number (2)

Electrons {&~} occupy
sumounding volume;
numbar of p* = numberof e~ |

PHYSICAL
CHANGES | &
Filration

PURE SUBSTANCES
Fixed Eanemao: throughout -

CHEMICAL CHANGES

Compounds

+ Two of more elements combined in
fixed Iraction by mass

« Properties differ from those of
component etements

= Molecular mass is sum of atemic
masses

mm.w_.._wm 2,22 The classification of matter from a chemical point of
view. Mixtures are separated by physical changes into elements and

Figure B2.9 A high-performance liquid chromatograph.

compounds. Chemical changes are required to convert elements
into compounds, and vice versa.




166 Chapter 7 Quantum Theory and Atomic Structure £l e
of the Laboratory

Spectrophotometry in Chemical Analysis

from the same elements shown in the flame tests: crimson from
strontium salts and blue-green from copper saits (Figure B7.1, B).
The characteristic colors of sedium-vapor and Tmeggpry-vapor
streetianyps, seen in many towns and cities, are due<grone or a
few prominent lines in their emission spectra.

An ahsorption spectrum is produced when atoms absorb
photons of certain wavelengths and become excited from lower
to higher energy states. Therefore, the absorption spectrum of an
element appears as dark lines against a bright background. When
white light passes through sodium vapor, for example, it gives
rise [0 a sodium absorption spectrum, and the dark lines appear
at the same wavelengths as those for the yellow-orange lines in

levels:
of spectral data to identify and quantify substances is

isential t0 modern chemical analysis. The terms spec-
DY, Spectromerry, and spectrophotometry denote a large
nstrumental techniques that obtain spectra correspond-
siance’s atomic and molecular energy levels.

o types of spectra most often obtained are emission
ion spectra. An emission spectrum, such as the H
spectsum, is produced when atoms in an excited state
nions characteristic of the element as they retumn to lower
states. Some clements produce a very intense spectrai line
yeral closely spaced ones) that serves as a marker of their
._.iw an intense line is the basis of flame tests, rapid

AE.= Egoqy = Egniar 7 21810710 A -
Tl *\Mfinat -

troscopists’ value by only 0.05%!) Note that if we combine Equation 7.4 wifh
Planck’s expression for the change in an atom's energy (Equation 7.2), we obt
the Rydberg equation (Equation 7.3):

I
AE = v =12 = ;m.axELJA 5
A Nfiaat

1 2484071/ 1
Therefore, F i Pa— Tm - . rocedures perfermed by placing a granule of anionic  the sodium emission spectrum (Figure B7.2).
:El_; dor'a drop of its solution ir a flame (Figure B7.1, A).
= 21810 "J A n_ he colors of fireworks and flares are due to emissions {continued)
(6.626 10~ > 1-5(3.00% 10* m/s) \ninq
i I
= :oxsqa-_A — — v
Ahinat Minitial
where Rgpa = Ha2, M = M, and 110X 107 m~!" is the Rydberg cons

(1.096776%10° m™ "} to three significant figures. Thus, from classical relatig
ships of charge and of motion combined with the idea that the H atom can h
only certain values of energy, we obtain an equation that leads directly to

empirical one!
We can use Equation 7.4 to find the quantity of energy needed 1o complete
remove the electron from an H atom, In other words, what is AE for the foll

ing change? ~
H(g) — H(g) + e

We subslituie Hgny = % and n = 1 and obtain

- 1 1
AE = Egna — Eyuin = ~2.18X10 _:T‘ ,mu

al

o
= —2.18X107"8 J(0 ~ 1) = 2.18x107 "% J
AE is positive because energy is absorbed 10 remove the electren from the in.m

ity of the nucleus. For 1 mol of H atoms,

! v?.omux_ou lmsamx L _uav = 1.31 X 10° kl/mo}

atom mol /11077
This is the ionization energy of the H atom, the quantity of energy required:
form ! mol of gaseous H ions from 1 mel of gaseous H atoms. We retum;
this idea in Chapter 8.
Spectroscopic analysis of the H atom led to the mo:_._ model, the mam._ sf¢]
toward our current model of the atom. From its use by 19"-century nrmﬁ_mﬁ
a means of identifying elements and compounds, spectrometry has developed inl
a major tool of modem chemistry (see the Tools of the Laboralory essay on th
next two pages). P

6 is created by a strong emission in the line spectrum of the ele-

therefore is often taken as prefiminary evidence of the pras-

he element in a sample. Shown here are the crimson of

strontlu and the blue-green of copper. B, The same emissions from

nolinds that contain these elements often appear in the brilliant
fireworks. B

AE = T._mx:ﬁ;

@) What Are Stars Made Of? 1,
1868, the French astronomer Pierre

Janssen noted a bright yellow line in
the solar emission spectrum, After he
and other scientists could not repro-
duce the line from any known clement,
they considered it 1o be due to an ele-
menl unigue to the Sun and named it
helium (Greek Aefios, “sun”™). in 1888,
the British chemist William Ramsay
examined the spectrum of an inert
gas obtained by healing uranium-

400 nm Sodium amission spectrum 750 nm

M:u explain the line spectrum of atomic hydrogen, Bohr proposed that the atomn?
energy is quantized because the electron’s motion is restricied to tixed orbits, T
alectron can move from one orbit to another only if the atom absorbs or emits a pha-
ton whose energy equals the difference in energy fevels lorbits), Line specira are pra:

750 nm

400 nm Sodium absorption specirum

EWE.@ B7.2 Emission and ahsorption spectz of sodim atoms. The wavelengths of the bright emis-

containing minerals, and it showed the
same bright yellow linc. Analysis of
light from stars has shown many of the
etemnents already known on Earth, but
helium is the onty element that was
first discovered on a star,

duced because these energy changes correspond o photons of specific wavelength
Bohr's model predicted the hydrogen atomic spectrum but could not predict that gf
any other atomn because electrons do not have fixed orbits. Despite this, Bohr's ided
that atoms have quantized energy levels is a cornerstone of our current atomic mod
Spectrophotometry is an instrumental technique in which emission and absorptid
spectra are used to identify and measure concentralions of substances.

sion lines correspend to those of the dark absorption lines because both are created by the same en-
ergy change: Afamission = —ALapsorption. (ONly the twa most intense lines in the sodium atomic spectra
are shown hera.)
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Tools of the Laboratory

Satirce produces  Lenses/slits/ Monochramator
radiation in region  collimators (wavelength seleclor)
of interest. Must narrow and disperses fncoming

be stable and atign bearn. radiation inta conlinuum
reproducitle, In of component

mos! cases, tha wavelengiths that
sourcs ermits many are scanned or
wavalengths. individually selected.

Figure B7.3 The main components of a typical spectrometer.

Instrurments based on absorption spectra are much more
common than those based on emission spectra, for several rea-
sons. When a solid, liquid, or dense gas is excited, it emits so
many lines that the spectrum is a continuum {(recail the contin-
uum of celors in sunlight). Absorption is also less destructive of
fragile organic and biological molecules.

Despite differences that depend on the region of the efectro-
magnetic specirum used to irradiate the sample, atl modern spec-
trometers have components that perforim the same basic functions
(Figure B7.3). (We discuss infrared spectroscopy and nuclear
magnetic resonance spectroscopy in later chapiers.)

Visible light is often used to study colored substances, which
absorb only some of the wavelengths from white Tight. A leafl
looks green, for example, because its chlorophyll absorbs red and
blue wavelengths strongly and green weakly, so most of the green
light is reflected. The absorption specirum of chlorophyll a in
ether solution appears in Figure B7.4.

The overall shape of the curve and the wavelengths of the
major peaks are characteristic of chlorophyil o, s its spectrum
serves as a means of identifying it from an unknown source, The
curve varies in height because chlorophyll @ absorbs incoming
wavelengths to different extents. The absorptions appear as broad
bands, rather thar as the distinct lines we saw earlier for individ-
uai gaseous atoms, because dissolved substances, as well as pure

Figure B7.4 The absorption spectrum of chlorophylt a. Chlorophyil a
is one of several leaf pigments. It absorbs red ard blue wavelengths
strongly but almost no green or yeliow wavelengths. Thus, leaves
containing large amounts of chlorophyli a appear green. The strong
absomption at 663 nm can be used to quantify the amount of chioro-
phyll a present in a plant extract.

268

{continued)

7.3 The Wave-Particle Duality of Matter and Energy

HE WAVE-PARTICLE DUALITY OF MATTER
ND ENERGY

#ar. 1905 was a busy one for Albert Einstein. In addition 1o presenting the
o theory of light and explaining the photoelectric effect, he found time 10
in:Brownian motien (Chapter 13), which helped establish the molecular view
er, and to introduce a new branch of physics with his theory of relativity.
s many startling revelations was that matter and energy are alternate
ol Ihe same entity. This idea is embodied in his famous equation E = mc?,
chirelates the quantity of energy equivalent to a given mass, and vice versa.
Jativity theory does not depend on quantum theory, but tegether they have com-
lurred the sharp divisions we normally perceive between matter (chunky

no.usn_,;m__.

Sample in

comparment Dotocter converts ssive) and encrgy (diffuse and massiess). @l . .

absorls i iransmitted signal info arly proponeats of quantum theory demonstrated that energy is particle-
rishi tation i i = N o > "

amount of th_w._%h%s data. v ysicists who developed the theory turned this proposition upside down and

each incoming lectical : 7 sk -

wavelength. m.w: h.nm awed that matter is wavelike. Strange as this idea may seem, it is the key to

odermn atomic model.

Wave Nature of Electrons and the Particle Nature

‘efforts were a perfect case of fitting theory to data: he assumed that an
only certain allowable energy levels in order to explain the obsesved

solids and tiquids, absorb many mare wavelengihs due o trum. However, his assumption had no basis in physical theary. Then, in

greater numbers and types of energy levels within a molecul;
among molecules, and between molecules and solvent.

Ins addition 1o identifying a substance, a spectrometer can,
used 10 measure its concentration because the absorbance, |
amount of light of a givern wavelength absorbed by a substarcy,
is proportional to the number of molecules. Suppose you want
determine the concentration of chlorophyH in an ether solutiong
leaf extract, You select a strongly absorbed wavelength from
chlorophylt spectrum (such as 663 nm in Figure B7.4}, measurs
the absorbance of the ieaf-extract solution, and compare it with
the absorbances of a series of ether solutions with known chlomg:
phyil concentrations.

i wavelike, De Broglie had been m::_asm of other systems that display
rlain allowed motiens, such as the wave of a plucked guitar string. Figure
ws that, because the ends of the string are fixed, only certain vibrational

Figure 7.13 wave motion in
restricted systems. A, In a mu-
sical analogy to electron
waves, one haif-wavelength
(x/2) is the “guanturn” of the
guitar string’s vibration. The
string length L is fixed, so the
only allowed vibrations occur
when L is a whole-number
muitiple (n) of &2, B, If an
elestron occupies a circular
orbit, only whole numbers

1 halt-wavelength of wavelengths are allowed

Absorbance

{n = 3 and n = 5 are shown}.
A wave with a fractioral num-
humﬁ% ber of wavelengths (such as
n = 3 is “forbidden” because
2 hall-wavelengths it rapidly dies out through
wverlap of crests and troughs.
400 500 &  L=8id)
Wavelength (nm) !
3 hall-wavelengths
=
L= 2%
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wam\: Never Make a Success of
Anvything” This comment, atiribuied
o the principal of young Albert Ein-
sletn’s primary school, remains a clas-
sic of misperception. Conlrary to
myth, the greatest physicist of the 20"
century {some say of all time) was not
a poor student but an independent one,
preferring his own path to that pre-
scribed by authority—a trait that gave
him the intense focus characteristic of
all his work. A friend recalls finding
him in his small apartment, rocking
his baby in its carriage with one hand
while holding a pencil stub and scrib-
bling on a pad with the other, At age
26, he was working on one of the four
papers he published in 1905 that
would revolutionize the way the uni-
verse is perceived and fead 1o his 1921
Nobel Prize.
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B Diamond ° Carbon
Figure 9.15 Covalent bonds of net-
work covalent solids. A, In quartz
(Si0y), each Si atom is bonded cova-
lently to four O atoms and each O
atom is bonded to twe Siatomsina
pattern that extends throughout the
sampie. Because no separate SiO,
molecules are present, the melting
peint and the hardness are very high.
B, In diamond, each C atem is cova-
lently bonded to four other C atoms
throughout the crystal. Diamond is the
hardest natural substance known and
has an extremely high melting point.

Chapter 9 Models of Chemical Bonding

of the Laboratory

:5 spectroscopy is an instrumental technique used
for measuring the absorption of IR radiation by cova-
ed molecules. It plays a major role in our understand-
lecular siructure and bonding. IR spectrometers are
ost research laboratories, particularly where organic
are studied, and are essential aids in identifying un-
stances, Their key components are the same as those
ctromeler (see pages 267-268). The source emits radi-
‘many wavelengths, and those in the IR region are se-
d directed at the sample. Certain wavelengths are
are than others, and the IR spectrum of the compound

Weak intermolecular forces between malecyie:

Figure 9.14 Strong farces within molecules and weak forces between them. When pentane bo;
weak forces between molecules (intermolecular forces) are cvercome, but the strong coval
Honds holding the atems together within each melecule remain unaffected. Thus, the _um:”mzm b3t
ecules leave the liquid phase as intact units.

The H;C—CHj, molecules zoom throughout the con-
Eiding with the walls and each other. TIf we could look
t'one molecule, however, and disregard its motion
pace, we would see the melecule rotating and its two
Consider, for example, what happens when pentane (CsH, ;) beils. As Figure \ipsé rotating relative to each other about the C~-C bond.
shows, the weak interactions benveen the pentane molecules are affected, nos
strang C-—0C and C—H covalent bonds within each molecule.

Some covalent substances, called nerwork covalent solids, do not consist:
separate molecules. Rather, they are held together by covalent bonds that extén
in three dimensions throughout the sample. If the model is correct, the properti
of these substances should reflect the strength of their covalent bonds, and th
indced the case. Two examples, quartz and diamond, are shown in Figure 9.13
Quartz (Si0,) is very hard and melts at 1550°C. It is composed of silicon an
oxygen atoms connected by covalent bonds that extend throughout the sarngl
no separate Si0, melecules exist. Diamond consists of covalent bonds conneg
ing each carbon atom to four others throughout the sample. 1t is the hardest sups
stance known and melts at around 3550°C. Clearly, covalent bonds are stroiig
but because most covalent substances consist of separate molecules with we;
forces between them, their physical properties do not reflect this strength. (We
discuss intermolecular forces in detail in Chapter 12.)

Unlike ionic compounds, most covaleat substances are poor electrical con;
ducters, even when melted or when dissolved in water. An electric current is car

twisting, berding, rocking, and wagging (Figure BS.1).
e lenpth of a given bond even within a m..<n: substance

Infrared Spectroscopy

Diatomic Molecule Linear Triatomic Molecule

Stretch Stretch asymmetrical
LML LELLK S IERRLR ALY
9 2 9 go
FQ <
e Stretch symmatrical
. " (<1322 20 RR* 1111 KK
Nonlinear Trlatemic Molecule = m
Wagging, twisting, and rocking LQWNB. gm
Banding

! a\a/e,_

Figure B9.1 Some vibrational
molions in general diatomic and
triatomic molecules.

{t [+ )

the difference between two of its quanlized vibrational energy
tevels.

The R spectrizm is important in compoind identification be-
cause of two related factors. First, each kind of bond has a char-
acteristic range of IR wavelengths it can absorb. Far example, a
C--C bond absorbs IR photons in a different waveleagth range
from those absorbed by a C==C bond, a C—H bond, a C==0
bond, and so forth. Second, the exact wavelength and quantity of
IR radiazion absorbed by a given bond depend on the gvergll
structure of the motecule. This means that each compound has a
characteristic IR spectrum that can be used Lo identify it, much as
a fingerprint identifies a persoa. The specirum appears as a series
of downward pointing peaks, varyirg in depth and sharpness, that
correspond to absorption {requencies across the IR region
scanned. Figure B9.2 shows the IR spectrum of acrylonitrile, a
compound that is used to manufacture synthetic rubber and plas-
tics; no other compound has exactly the same IR spectrum,

25

ried by either mobile elecirons or mebile ions. In covalent substances, th
clectrons are localized as either shared or unshared pairs, so they are not free [0
move, and no ions are present. The Tools of the Laboratory essay describes af
important laboratory tool for studying covalent substances.

~0.2% Ha0
impurliy
cC—H
streteh

e Ry re)
mmﬁdOZ mCZ_?e»w i
A mjmqm,u pair of valence m_mn:o:m attracts the nuclei of two atoms and holds them
togetiner in a covalert bond while filling each atom's outer shell. The number of w:man
pairs between the two atoms is the bond order. For a given type of bond, the bon
energy is the average energy required to completely separate the bonded atoms; th
bond length is the average distance between their nuclei. For a given pair of bonded

c=N
sirelcl I\ N

C=N:
Acrylonitrile

CHiwag CE

atoms, bond order is directly related to bend energy and inversely related to bon
length. Substances that consist of separate molecuies are generally soft and low melt:
ing because of the weak forces between molecules. Those held together throughout:
by covalent bonds are extremely hard and high melting. Most covalent substance
have iow electrical conductivity because electrons are localized and ions are ahsen!
The atoms in a covalent bond vibrate, and the energy of these vibrations can be stud-
ied with IR spectroscopy.

4000 38600 3200 2800 2400 2000 1800 1500

mmwn.:.a B9.2 The infrared (IR) spectrum of acrylonitrile, The IR
-SRactrumn of acrylonitrile is typical of a molecule with saveral types of
Valent bonds. There are many absorption bands (peaks) of differing
.nm@ﬁ and sharpness. Most peaks correspond t¢ a paricular type of
ration in a particular group of bonded atoms. Some broad peaks

1400 1200 1000 400

Wavenumber {cm™')

{ffor example, “combination band”} represent several overlapping
types of vibrations. The spectrum is reproducible and unique for
agrylonitrile. {The bottom axis shows waveaumbers, the inverse of
wavelength, sc its units are those of length ™. The scale expands to
the right of 2080 cm )
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Tools of the Laboraiory

Mass Spectrometry

: ass speciremetry, the most powerful technique (1) High-energy efectran 20y
ifor measuring the mass and abundance of collides with

‘this percent abundance as a fraction and muoltiplying by its isotopic mass gives

¢ portion contributed by 28gi:

- Pogtion of 5i awtomic mass from **Si = 27.97693 amu X 0.9223 = 25.8031 amu
{retaining two additional sigaificant figures)

20ne with 1+ charge

i lectric and - neon atorm "
charged paiticles, Mio_.mma ?cﬁnm% re di Ewm‘ in gas sample Similar calculations give the poriions contributed by *Si (28.976495 amun X
netic deflection studies on particles formed in ca 67 = 13532 amu) and b g (29.973770 < 0.0310 = 09202 ) N~
ode ray experiments. When a high-energy clectron Soures of .OL =1 i} ! Y 1 A amu = 0. amau), <
coliides with an atom of neon-20, for example, one high-cnergy nd-adding the three portions together {rounding to two decimal places at the end)
of the atom’s electrons is knocked away and the elactrons ives the atomic mass of silicon:

resulting particie has one positive charge, Ne't (Fig-

Atomic mass of 51 = 25.8031 amu + $1.3532 amu + 0.9292 amu
ure B2.1). Thus, its mass/charge ratio (mfe) equals (&) Nson slactron

m/e=15.992435 = 28.0855 amu = 28.09 amu

the mass divided by 1+, The m/e values are meas- _w h..%mwﬂ pict @homs.s....\ charged neon particle is prodused
ured to identify the masses of different isotopes of an that has 10p* and 10n? in nucleus but only 98~ . . .
element. Y SAMPLE PROBLEM 2.3 Calculating the Atomic Mass of an Element

i Figure B2.1 Formation of a posilively charged neon (Ne) particle.
Figure B2.2, paris A-C, depicts the core of one

type of mass spectrometer and the data it provides.
The sample is introduced and vaporized (if liquid or solid), then  region, the particles sirike a detector, which records their relative
bombarded by high-energy electrons to form positively charged  positions and abundances, For very precise work, such as deter-

roblem Silver (Ag; Z = 47} has 46 knows isotopes, but only two occur naturally, Tag
d:%Ag. Given the following mass spectrometric daia, calculate the atomic mass of Ag:

d ; ; o Isotope Mass (amu Abundance (%
particles. These are altracted toward a series of nepatively mining isotopic masses and abundances, the instrument is cali- ﬂd.m:iﬂ.i ¢ ) (%)
charged plates with stits in them, and some particies pass through  brated with a substance of known amount and mass. AR 106.9050% 51.84
inte an evacuated tube exposed to a magnetic field. As the parti- Mass spectrometry is also used in structural chemistry and WA 108.90476 48.16

cles zoom through this region, they are deflected (their paths are  separations science to measure the mass of virtually any atom,
bent) according to their mfe: the lightest particles are deflected  molecule, or fragment of a melecule. Among its many applica-
most and the heaviest particles least, Al the end of the magnetic  tions, mass spectrometry is employed by biochemists determin-
ing protein structures (Figure B2.2, parts D and E), materials
Figure B2.2 The mass spectrometer and its data. A, Charged parti-  SCiemtists examining catalyst surfaces, forensic chemists anafyz-
cles are separated on the basis of their m/e values. Ne is the sample ing criminal evidence, organic chemists designing new drugs,
here. B, The data show the abundance of each particle. The three  and industrial chemists investigating petroleum componenls.

Plan From the mass and abundance of the two Ag isotopes, we have to find the atomic
s of Ag {weighted average of the isotopic masses), We multiply each isotopic mass by
fractional abundance to find the portion of the atemic mass contributed by each iso-
tope. The sum of the isotopic portions is the atomic mass.

Splution Finding the portion of the atomic mass from each isotope:

Portion of atomic mass from '*’Ag: = isotopic mass X fractioral abundance Mass (g) of each isatopa

peaks ara three Na isotapes. C, The percent abundance of each par- ) ] o 106.9050% amu % 0.5184 = 55.42 amu - ity by Tractons!
ticle. B, The mass spectrum of a protein mofecule. Each peak repre- Portion of atomic mass from ' Ag: = [0B.90476 amu X 04816 = 52,45 amu aburdance of each isatope
sents a fragment of the mofecule. E, Some modern instruments Deatector =¥ mSn_:..m the atomic mass of silver:
s 2 . 3
Mmmu:.& ﬂmw%wnﬁ___m_%mm_.mm_r:ﬁwm%cwﬂ_.M,wmﬂ:nwn_u._n%\wwﬁ“h Hmmwr.__haac. 20pyp+ 2INg* m.m Atomic mass of Ag = 5542 amu + 52.45 amu = I07.87 amu Portion of atomic mass
ven single m in the . 3 . F ) .
4 2 Check The individual portions seem right: ~100 amu X 0.50 = 50 amu. The portions o rom each isalope
n . . = R -
@ r necessary, heater Lightest particles in wmzﬁ_m// S 2 are almost the same because the two isotopic abundances are almost the same. We rounded add isotopie portions
vapodzes sample .ﬂ_n: portion to four significant figures becavse that is the number of sigaificant figures in
@ Eisctron beam knocks ‘ 19 20 21 22 ":the abundance values. This is the corvect atomic mass (to two decimal places), as shown
elecirons rom atoms Charged particle beam B Mass/charge .+in the Hst of elements (inside froat cover). Atomic mass
@ Samp! (ses Figure BZ.1} I omment Averages must be interpreted carefully. The average number of children in an "
Tpe zm merican family in 1985 was 2.4. You know that no family actually has 2.4 children; you
enters . . 100 {80.5%) J
chamber Heaviest particles should also know that no individeal silver atom has a mass of 107.87 amu. But for most lab-
in sample 2 s0 oratery purposes, we consider a sample of silver to consist of atoms with this average mass.
s
k= .
5 60 FOLEOW-UP PROBLEM 2.3 Boron (B; Z = 3) has two natvrally occurring iso-
® waoneti feld B L e topes. Calculate the percent abundances of '°B and !'B from the following: atomic mass
agnetic leld separates particles < B = L . 10 . . ic mass of 1B =
Electron source according (o their massicharga /atio g 2opgor : _.Q,E amu; isotopic mass mum B = 10.0i29 amuy; isotopic mass of B _o:,OOOu
£ o Rlpe* 9.2%) amu, (Hinr: The sum of the fractional abundances is 1. If x = abundance of B, then
- (9.2% R, H
@ Etectric field accelerates particles : ! _c.n..*l | 1 = x = abundance of "'B.)
toward magnetic regior . B — Magnet 20 21 22
A c Mass/charge A Modern Reassessment of the Atomic Theory

We began discussing the atomic basis of matter with Dalton’s model, which
proved inaccurate in several respects. What happens to a model whose postulates
i are found by later experiment to be incorrect? No model caa predict every pos-
ible future observation, but a powerful model evolves to retain its usefulness.
i+ Let’s reexamine the atomic theory in light of what we know now:

w1. All matter is composed of atoms. We now know that atoms are divisible and
. composed of smaller, subatomic particles (electrons, proions, and neutrons),
but the atom is still the smallest body that retains the unigue identity of an
element.
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Infrared spectroscopy What functional groups are present?

Uliraviolet spectroscopy  Is a eonjugated = electron system present?

Muciear magnetic What carbon-hydrogen framework O
FESOTARGE Foeciroscapy is present? <

13.1 Infrared Spectroscopy
and the Electromagnetic
Spectrum

Infrared (IR) spectroscopy is a method of structure determination that
depends on the interaction of molecules with infrared radiant energy. Before
beginning a study of infrared spectroscopy, however, we need to loak into the
nature of radiant energy and the electromagnetic spectrum.

Visible light, X rays, microwaves, radio waves, and so forth, are zll dif-
ferent kinds of electromagnetic radiation. Collectively, they make up the
electromagnetic spectrum, shown in Figure 13.1. The electromagnetic
spectrum is loosely divided into regions, with the familiar visible region
accounting for only a small portion of the overall spectrum, from 3.8 % 10-7
to 7.8 X 107" m in wavelength. The vigible region is flanked by the infrared
and uitraviolet regions.

107 1018 10" 10%°

F f

yrays Microwaves | Radio waves
i ] ] i
1071 10710 10-?
Wavelength (A) in m =T T~ Wavelength (A) in m
Structure - -
] »
Determination
380 nm 500 nm 600 nm 7080 am 780 nm
Every time a reaction is run, the preducts must be identified. Determl — .
L . B 3.8 X 10 7.8 x 10
the structure of an organic molecule was a difficult and time-consumi m m
process in the nineteenth and early twentieth centuries, but mxﬁ.wanm. A S
advances have been made in the past few decades. Powerful techniques 21X

specialized instruments that greatly simplify structure mmnmamsmﬁ.&w
now available. We'll look at three of the most useful such technigques
infrared spectroscopy (IR}, ultraviolet spectroscopy (UV), and nucleal mag
netic resonance spectroscopy (NMR)}—each of which yields a &m.mnm.nw .o
of structural information. :

Electromagnetic radiation has dual behavior. In some respects it has
the properties of a particle (called a photon), yet in other respects it behaves
as an energy wave traveling at the speed of light, Like all waves, electro-
magnetic radiation is characterized by a frequency, a wavelength, and an
amplitude (Figure 13.2). The frequency, v (Greek nu)}, is the number of
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FIGURE 13.2 ¥
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wave peaks that pass by a fixed point per unit time, usually given in recip.
rocal seconds (s-1), or hertz, Hz (1 Hz = 1 s71). The wavelength, A (Greel

lambda), is the distance from one wave maximum to the next. The ampii<

tude is the height of the wave, measured from the midpeint between peak
and trough to the maximum. The intensity of radiant energy, whether a fee.

ble beam or a blinding glare, is proportional to the square of the wave’s.

amplitude.

{a) Wavelength {A) is the
distance between two suc-
cessive wave maxima.
Amplitude is the height of
the wave measured from
the center. (b)~(c} What
we perceive as different
kinds of electromagnetic
radiation are simply waves
with different wave-
lengths and frequencies.

_.4..5. Wavelengtihh ——

Amplitude

l

{a)

_T 400 1 —

T:! 800 nm

Vialet light

Infrared radiation
(v =7.50x 1045 h

(v=13.75 x 101571
(b} e

Multiplying the length of a wave in meters (m) by its frequency in recip-
rocal seconds (™) gives the speed of the wave in meters per second (m/s).
The rate of travel of all electromagnetic radiation in a vacuum is a constant
vatue, commonly called the “speed of light” and abbreviated ¢ It's numeri-

cal value is defined as exactly 2.997 924 58 X 10° m/s, usuzally rounded off
to 3.00 X 10° m/s.

Wavelength X Frequency = Speed
Alm) X v (s7) = ¢ {m/s)

which can be rewritten as

Electromagnetic energy is transmitted only in discrete amounts, called
quanta. _.wrm. amount of energy ¢ corresponding to 1 quantum of energy (or
1 photon) with a given frequency » is expressed by the equation

m”b:ﬁw_ﬂmm.
A

FIGURE13.3 ¥
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where

¢ = Energy of 1 photon (I quantum)

A = Planck’s constant (6.62 X 10774 J -5 =158 x 107 cal . 5) o
v = Frequenecy (37%) o
A = Wavelength (m)

¢ = Speed of light (3.00 x 10° m/s}

This equation says that the energy of a given photon varies directly
with its frequency » but inversely with its wavelength A, High frequencies
and short wavelengths correspond to high-energy radiation such as gamma
rays; low frequencies and long wavelengths correspend io low-energy radi-
ation such as radio waves.

When an organic compound is exposed to electromagnetic radiation, it
absorbs energy of certain wavelengths but passes, or transmits, energy of other
wavelengths. If we irradiate an organic compound with energy of many wave-
lengths and determine which are absorbed and which are transmitted, we can
determine the absorption spectrum of the compound. The results are dis-
played on a plet of wavelength versus the amount of radiation transmitted.

The spectrum of ethanol irradiated with infrared radiation is shewn in
Figure 13.3. The horizontal axis shows the wavelength in micrometers, and
the vertical axis shows the intensity of the various energy absorptions in
percent transmittance. The baseline corresponding to 0% absorption {or
100% transmittance) runs along the top of the chart, and a downward spike
means that energy absorption has occurred at that wavelength.

The infrared absorption spectrum of ethanol, CH,CH,OH. A transmittance of 100% means
that all the energy is passing through the sample. A fower transmittance means that some
energy is being absorbed. Thus, each downward spike corresponds to an energy absorption.
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Practice Problem 13.1

Strateqy

Which is higher in energy, FM radic waves with a frequency of 1.015 x 10°
Hz (101.5 MHz) or visible light with a frequency of 5 X 10" Hz?

Remember the equations € = hv and € = he/A, which say that energy
increases as frequency increases and as wavelength decreases.
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Solution  Since visible light has a higher frequency than radio waves, it is higher in
energy.

49988080800 NCAEEERNIOIRORREIRFERGEGRED

Practice Problem 13.2 What is the wavelength in meters of visible light with a frequency of
4.5 X 10™ Hz?

Strategy Frequency and wavelength are related by the equation A = ¢/v, where ¢ is
the speed of light (3.0 X 10® m/s).

Solution A = S0X10°mls _ 8.7 » 107
45 x 10" st -
Problem 13.1  How does the energy of infrared radiation with A = 1.0 X 10-% m compare with that
of an X ray having A = 3.0 X 107" m?

Problem 13.2 Which is higher in energy, radiation with »=4.0x 10° Hz or radiation with
A =9.0 X 10"*m?

AN TS LABEENOROGNAROURET SN R PO RERIEIEROS

13.2 Infrared Spectroscopy
of Organic Molecules

The infrared region of the electromagnetic spectrum covers the range from
just above the visible (7.8 ¥ 10~7 m) to approximately 10~* m, but only the
middle of the region is used by organic chemists (Figure 13.4). This midpor-
tion extends from 2.5 X 1075 to 2.5 X 10~% ¢m, and wavelengths are usually
given in micrometers {um; 1 g = 107 m). Frequencies are usually given in
wavenumbers (i), rather than in hertz. The wavenumber is equal to the
reciproeal of the wavelength in centimeters and is thus expressed in units
of reciprocal centimeters (cm™):

1

— Ay =
Wavenumber: ¥ (cm™1) A o)

FGURE 13.4 ¥

The infrared (IR} region of the electromagnetic spectrum,

Microwaves
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Why does a molecule absorb some wavelengths of infrared energy but
not others? All molecules have a certain amount of energy, which causes
bends to stretch and contract, atoms to wag back and forth, and other mo-
lecular motions to occur. Some of the kinds of allowed vibrations are shqun
below: (e}

Symmetric Antisymmetric In-plane Out-of-plane
stretching stretching hending bending

The amount of energy a molecule contains is not continuously variable
but is quantized. That is, a molecule can vibrate only at specific frequencies
corresponding to specific energy levels. Take bond stretching, for example.
Although we usually speak of bond lengths as if they were fixed, the num-
bers given are really averages because bonds are constantly stretching and
bending, lengthening and contracting, Thus, a typical C—I bond with an
average bond length of 110 pm is actually vibrating at a specific frequency,
alternately stretching and compressing as if there were & spring connecting
the two atoms.

When the molecule is irradiated with electromagnetic radiation, energy
is absorbed if the frequency of the radiation matches the frequency of the
vibration. The result of energy absorption is an increased amplitude for the
vibration; in other words, the “spring” connecting the two atoms stretches
and compresses a bit further. Since each frequency absorbed by a molecule
corresponds to a specific molecular motion, we can find what kinds of
motions a molecule has by measuring its IR spectrum. By then interpreting
those motions, we can find out what kinds of bonds (functional groups) are
present in the molecule.

IR spectrum -~ Whal saolesidin moittong? —— What functional groups?

The full interpretation of an IR spectrum is difficult because most
organic molecules are so large that they have dozens of different bond
stretching and bending motions. Thus, an IR spectrum usually contains
dozens of absorptions. Fortunately, we don't need to interpret an IR spec-
trum fully to get useful information because functional groups have charac-
teristic IR absorptions that don't change from one compound to another.
The C=0 absorption of a ketone is almost always in the range 1680 to
1750 em™!, the O—H absorption of an alcohol is almost always in the range
3400 to 3650 cm~?, the C==C absorption of an alkene is almost always in the
range 1640 to 1680 cm %, and so forth. By learning to recognize where char-
acteristic functional-group absorptions occur, it’s possible to get structural
information from IR spectra.

Look at the IR spectra of cyclohexanol and cyclohexanone in Figure 13.5
to see how they can be used. Although both spectra contain many peaks, the
characteristic absorptions of the different functional groups allow the com-
pounds to be distinguished. Cyclohexanel shows a characteristic aleohol
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O~H absorption at 3300 em~' and a C—0 absorption at 1060 em~"; cyclo-
hexanone shows a characteristic ketone C=0 peak at 1715 em?

FIGURE 3.5 ¥

Infrared spectra of (a) cyclohexanol and (b) cyclohexanone. Such spectra are easily
obtained in minutes with milligram amounts of materfal,
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One further point about infrared spectroscopy: It's also possible to
obtain structural information from an IR spectrum by noticing which
absorptions are not present. If the spectrum of an unknown does not have
an absorption near 3400 em-?, the unknown is not an aleohol; if the spec-
trum does not have an absorption near 1715 cm™!, the unknown is not a
ketone; and so on. Table 13.1 lists characteristic IR absorption frequencies
of some commeon functional groups.

It helps in remembering the positions of various IR absorptions to

divide the infrared range from 4000 to 200 em™* into four parts, as shown in
Figure 13.6,
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Functional group class

Alkanes; alkyl groups
C—H

Alkenes
=C—T
C=C

Allcynes
=C—H
=0

Alkyl halides
C—Ci
C—Br
C—I

Aleohols
O—H
C—0

Aromatics

W N

C—H
47

Amines
N—H
C—N

Carbenyl compounds®
C=0

Carboxylic acids
O-—H

Nitriles
C=N

Nitro compounds

NO,

Band position {em™") Intensity of absorption n_.W_v
2850--2960 Medium te strong
3020-3160 Medium
1640--1680 Medium

3300 Strong
21002260 Medium
500-800 Strong
500-600 Strong
500 Strong
3400-3650 Strong, broad
1050-1150 Strong
3030 Weak
1660--2000 Weak
14501600 Medium
3300-3500 Medium
1030--1230 Medium
1670-1780 Strang
2500-3100 Streng, very broad
2210-2260 Medium
1540 Strong

*Carboxylic acids, esters, uldehydes, and ketones.

* The region from 4000 to 2500 cm™* correspends to N—H, C—H, and
O—H bond stretching motions. Both N—H and O—H bonds absorb in
the 3300 to 3600 cm ! range, whereas C—H bond stretching occurs
near 3000 ¢em~*, Since almost all organic compounds have C—H
honds, almost all IR spectra have an intense abserption in this region.
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FIGURE 13.6 ¥V
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The region from 2500 to 2000 cre~! is where triple-bond stretching
occurs, Both nitriles (RC=N} and alkynes (RC==CR’') absorb here.
The region from 2000 to 1500 cm-! is where C=0, C=N, and

C=C honds absorh. Carbonyl groups generally absorb from 1670

t0 1780 e, and alkene stretching normally cccurs in the narrow
range from 1640 to 1680 em=". The exact position of a C=Q absorp-
tion is often diagnostic of the exact kind of carbonyl group in the
molecule. Esters usually absorb at 1735 em™?, aldehydes at 1725 em—
and open-chain ketones at 1715 cm=". .
* The region below 1500 cm™ is the so-called fingerprint region. A large
number of absorptions due to various C—0, C—C, and C—N single-
vosa vibrations occur here, forming a unique pattern that acts as an
identifying “fingerprint” of each organic molecule.

M L R

Practice Problem 13.3  Refer to Table 13.1 and make educated guesses about the functional groups

that cause the following IR absorptions:
(&) 1735 em~ (b} 3500 em-? ®

(a) An absorption at 1735 em= is in the carbonyi-group region of the IR
spectrum, probably an ester.
(b) An absorption at 3500 em~! is in the —OH (alcohol) region.

Solution

e R O S

Practice Problem 13.4  Acetone and 2-propen-1-ol (H,C=CHCH,OH) are isomers. How could you

distinguish them by IR spectroscopy?

Strategy Identify the functional groups in each molecule, and refer to Table 13.1.

Solution Table 13.1 shows that acetone has a strong C=0 absorption at 1715 em!,

while 2-propen-1-ol has an —OH absorption at 3 - ==
absorption at 1660 cm~'. e ok 5000 em and 2 0=C

e T
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Problem 13.3  What {unctional groups might molecules contain if they show [Tl absorptions at the

following frequencies?
(a) 1715 em™* {b) 1540 em mw
(¢) 2210 em™! (d} 1720 and 2500-3100 cm™?

(e) 3500 and 1735 cm™!

Problem 313.4 How might you use IR spectroscopy to kelp distinguish between the following pairs
of isomers?

(a) CH,CH,OH and CH;OCH, b}
and CH,CH,CH,CH,CH=CH,

(e m_u. m__u
CH,CH,COH and HOCH,CH,CH

Problem 13.5 Where might the following molecule have IR absorptions?

B EEUDRE R EES S C e RO ORbEBdB00EINCOREREND

13.3 Ultraviolet Spectroscopy

The ultraviolet {(UV) region of the electromagnetic speetrum extends from
the low-wavelength end of the visible region (4 X 107 m} fo 10-% m. The por-
tion of greatest interest to organic chemists, though, is the narrow range
from 2 X 10~ m to 4 X 10~7 m. Absorptions in this region are measured in
nanometers {(nm), where 1 nm = 10~° m = 10~7 cm. Thus, the ultravioiet
range of interest is from 200 io 400 nm (Figure 18.7).

We saw in Section 13.1 that an organic molecule either absorbs or
transmits eleciromagnetic energy when irradiated, depending on the radia-
tion’s energy level. With IR radiation, the energy absorbed corresponds to
the amount necessary to raise the amplitude of molecular bending or
stretching vibrations. With UV radiation, the energy absorbed corresponds
to the amount necessary to raise the energy level of a # electron in an unsat-
urated molecule.

Ultraviolet spectra are recorded by irradiating a sample with UV light
of continuously changing wavelength. When the wavelength of light corre-
sponds to the amount of energy required to promote a w electron in an
unsaturated molecule to a higher level, energy is absorbed. The absorption
is detected and displayed on a chart that plots wavelength versus percent

radiation absorbed.
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FIGURE 13.7 ¥

The ultraviolet {UV} region of the electromagnetic spectrum.
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{m)
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= 200 nm = 400 nm
P=5x10%cm™! =25 X 10* cm ™!

A typical UV spectrum—ithat of 1,3-butadiene—is shown in Figure 13.8.
Unlike IR spectra, which generally have many peaks, UV spectra are usually
quite simple. Often, there is only a single broad peak, which is identified by
noting the wavelength at the very top (A,....}. For 1,3-butadiene, A ., = 217 nm.

FIGURE 13.8 ¥

Ultraviolet spectrum of 1,3-butadiene.
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13.4 Interpreting Ultraviolet
Spectra: The Effect
of Conjugation

The wavelength of radiation necessary to raise the energy of a 7 electron in
an unsaturated molecule depends on the nature of the 7 electron system in
the molecule. One of the most important, factors is the extent of conjugation
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(Section 4.10). It turns out that the energy required for an electronic tran-
sition decreases as the extent of conjugation increases. Thus, 1,3-butadiene
shows an absorption at Ap., = 217 nm, 1,3,5-hexatriene absorbs at A =
258 nm, and 1,3,5,7-octatetraene has An., = 290 nm. (Remember: H._Q:MWH.
wavelength means lower energy.) To)

Other kinds of coenjugated « electron systems besides dienes and
polyenes also show ultraviolet absorptions. Conjugated enones, such as
3-buten-2-one, and aromatic molecules, such as benzene, alse have char-
acteristic UV absorptions that aid in structure determination. The UV
absorption maxima of some representative conjugated molecules are
given in Table 13.2.

Name Structure Apax (M)

Ethylene H,C==CH, 171
P

2-Methyl-1,3-butadiene H,C=C—CH==CH, 220

1,3-Cyclohexadiene 256

1,3,5-Hexatriene H,C —CH—CH==CH—CH==CH, 258

CH,

ﬁ

3-Buten-2-cne H,C—CH—C=0 219

Benzene 254
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Practice Problem 13.5  15-Hexadiene and 1,3-hexadiene are isomers. How can you distinguish

them by UV spectroscopy?
H,C=CHCH,CH,CH=CH, CH,CH,CH=CHCH=CH,
1,5-Hexadiene 1,3-Hexadiene

Solution 1,3-Hexadiene is a conjugated diene, but 1,5-hexadiene is noncenjugated.
Only the conjugated isomer shows a UV absorption above 200 nm,
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