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Since Pauling and Corey (1) proposed the well 
ordered helix conformation of polyamino acids, great 
interest has been shown concerning their behavior in 
solvent systems. Doty et. al,, (2) in 1957 showed 
evidence that solvent conditions, including pH, could 
effect this helical structure. There was strong evi
dence that the helical structure, if its environment 
were changed enough, would undergo a conformational 
change to a random coil, the random coil being a 
considerably less ordered structure. It was evident 
that when this conformational change took place, the 
physical properties of this system also changed.

It is an interesting study in itself to examine 
and evaluate the different methods of measuring or 
observing this helix-coil transition. Probably the 
most obvious indication of the conformational change 
is the viscosity. (2) While this physical property 
shows the transition well, it does not enable one to 
calculate what percent of the total number of polymer 
residues is involved in the helix, and what part is 
involved in the coil. Such a method was proposed (3), 
however, which correlates the helix content with the 
optical rotatory dispersion (ORD). At the present time,
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the ORD method is taken as the standard procedure for 
determining helix content. By use of the ORD, the 
percent helicity has been related to other physical 
properties and their changes for systems undergoing 
the transition.

One of the methods proposed for observing the 
helix-coil transition is the hypochromicity, the change 
in the absorptivity coefficient (in the region of 2uurnp) 
as a function of pH, As a polypeptide changes from the 
coil to the helix, a large drop in the absorptivity 
coefficient,€ , has been observed (4). There have been 
some questions raised, however, (5) as to whether this 
coefficient change can be taken as a measure of helix 
content; whether it does correspond to the transition, 
or if it does not reflect some ionic changes. Such 
questions resulted from the fact that various authors 
have obtained different results, by measuring the 
hypochromicity at different wave lengths and cell 
thicknesses (6).

In 196U Wada (7) titrated polyglutamic acid in 
an aqueous salt solution, and plotted pH-log ĵ L_ vs.oc•
It was proposed from these plots that two different 
acids were being titrated, and that during the course
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of the titration, the pKa’s of these acids were chang
ing. These plots also suggested a region in which both 
of the acids were being titrated at the same time and 
was referred to as the helix-coil transition region. 
This data has been extrapolated (7,8) to determine the 
intrinsic pKa’s for the two acids. However the author 
of this paper agrees with Morawetz (9) that such 
attempts should be exercised with great caution,

Jacobsen (10) while studying the binding effects 
of various cations on PGA, showed that the addition of 
a cupric salt resulted in a different type of binding 
effect than other weakly binding cations. This system 
was further investigated by Wada (11) in 1966 and found 
to contain a PGa --Cu++ complex. It was suggested from 
this work that the cupric ion had complexed with the 
amino nitrogen. This complex was found to actually 
enhance or stabilize the helix conformation. It was 
found tnat by increasing the cupric ion concentration, 
thus decreasing the molar mixing ratio R, (residue 
concentration / cupric ion concentration), that a high 
degree of helicity was maintained at exceptionally high 
pH. Wada, however, did not report his findings in the 
form of p H - l o g v s . 0 C  plots or include any titration

l VA.

results.
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In summary, while a good amount of study has been 
done on polygiutamic acid, it is far from clear how the
transition takes place and whether the titration data 
has been interpreted correctly. It is this author’s 
opinion that the titration data could be presented in 
a different form than heretofore, such that more infor
mation might be obtained concerning polygiutamic acid 
solutions.

The purpose of this work is to investigate the 
informativeness of both the pH-log -£L. vs,a curves, and 
a new type of titration curve. In order to do this, 
titrations will be carried out with polygiutamic acid 
for different salt concentrations, different polymer 
concentrations, and for different molecular weights of 
the polymer. Titrations will also be performed for 
polygiutamic acid in the presence of cupric ion. Finally, 
the hypochromicity will be studied for polygiutamic acid 
both in the presence and absence of the cupric ion, in 
an attempt to coordinate hypochromicity with the titration 
data.
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A. Materials
Solvent Preparations All solutions and dilutions were 
prepared and performed by using triply distilled water 
which was stored in a pyrex jug under a purified nitrogen 
cover.
PolyQC-L-glutamic Acid The PGA used for this experi
mentation was obtained from two sources. The long 
chain polymer, (DP 580, Lot # 12238-2), was obtained 
from Pierce Chemical Company in the acid form. The 
short chain polymer, (DP 37, Lot # G-148), was obtained 
in the sodium salt form by special synthesis from Pilot 
Chemical Company. Drying the long chain polymer under 
a vacuum of 0,01 ram Hg to constant weight proved it to 
contain 10% moisture. Two twenty-four hour periods of 
such drying were necessary to obtain constant weight.
The short chain polymer showed less than 0.1% weight 
loss under the same drying conditions. In both cases, 
parent solutions of 0.05 M (residue) were prepared, 
and subsequent dilutions were made to desired concen
trations.
Sodium Chloride Solvent The NaCl solutions used as 
solvents were prepared by weighing 116.8960 g of 
previously dried Fisher A.C.S. NaCl and diluting to
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one liter. Further desired concentrations were prepared 
by diluting this parent solution.
Hydrochloric Acid Solution The HC1 used as a titrant 
and for pH adjustments was prepared by diluting Fisher 
A.C.S. HC1 (Sp. gr. 1.185-1.192) to an approximate 
1.0 M solution. Standardization of this solution against 
a fresh NaOH secondary standard showed the concentration 
to be 0.99 N.
Sodium Hydroxide The NaOH solution, used both as a 
secondary standard and as a titrant was prepared by with
drawing the middle one-third of a saturated solution of 
Fisher A.C.S. NaOH pellets, and subsequent dilution. It 
was standardized against Fisher Primary Standard grade 
potassium hydrogen phthalate and found to be U.98 N.

Sulfate Solution The CuSO^ solution was pre
pared with the A.C.S. pentahydrate salt by Fisher. The 
solution was normalized by the Iodometric method and 
found to be 0.05 M. Further dilutions were performed 
for more dilute concentrations. The polyglutamic acid- 
cupric ion solutions were prepared in all cases by 
diluting the parent PGa solution to the near desired 
volume, then addition of the required amount of Cu++ 
solution, and finally diluting to the final volume with 
solvent.
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Standard Buffer Solutions Special precautions were 
taken in the standardization of the pH meter. Four 
different standards were prepared with Fisher A.C.S. 
reagents according to Bates. (12) These four were:
0.05 M KHP, 0.025 M KH2P04 and 0.025 M Na2HP04,
0,008695 M KH2P04 and 0.03043 M Na2HP04, and 0.01 M 
Borax. The pH meter was found to vary less than *
0,003 pH units when checked against all four of the 
standards.
B. Apparatus
Micro Buret Delivery of titrant was made by using a 
Manostat Digi-Pet micro buret. A 0.1 ml stem was used, 
and was of sufficient capacity to deliver the necessary 
amount of titrant for a complete titration without 
refilling. The quantity of titrant added could be 
controlled to within 0,00002 ml.
Water Bath A constant temperature water bath was 
improvised by using a ten gallon glass container 
containing the following items: two submergible 
electric pumps, Little Giant Model # 1 (one pump for 
circulation within the container, the other for pumping 
water through the water-jacketed beaker), a three- 
eighth inch copper tubing coiled four times in an eight
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inch diameter coil for cooling by line water, a 
Beckman differential thermometer, and a Chemical 
Rubber Company temperature-sensing device and a 
heating element accompanying the C.R.C. control 
unit. Temperature control within this container 
was within 0.005 C°.
Water-Jacketed Beaker All titrations were carried 
out in a water-jacketed 125 ml beaker, custom built 
by the Creighton University Glass Fabrication Shop.
A rubber stopper was cut to fit the beaker. Four 
holes were cut into the stopper, two for electrodes, 
a third for the nitrogen cover inlet, and the fourth 
as a means of detecting temperature, delivering titrant, 
and as an exit for the nitrogen cover. Fifty ml of 
polymer solution were delivered to the beaker for all 
titrations using the same volumetric pipet to assure 
consistent submersion of electrodes. The procedure 
for the titrations was as follows: the pH meter was 
standardized against two buffer solutions, first 
against the buffer most distant from the initial pH, 
and then by the buffer closest to the initial pH.
The polymer solution was then placed in the beaker 
and the initial pH was adjusted when necessary. The
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pH of the solution and the corresponding buret reading 
were then recorded, The pH meter was then adjusted to 
0.100 pH units higher or lower, depending on the titrant, 
and adding titrant until balance of the null meter was 
obtained. Particular difficulty in over-shooting the 
desired pH was encountered in the pH range of 7,2 to 
8.0, since this is an unbuffered region. The pH was 
measured on a Beckman Research pH Meter. Restandardi
zation of the pH meter after each titration showed the 
drift to be * 0.019 pH units or less.

The hypochromicity measurements were performed with 
a Beckman Model DU-2 ultraviolet spectrophotometer, 
using a deuterium lamp source. The procedure for 
measuring absorption was as follows: the solution 
was adjusted to the desired pH, then the matched cell 
was filled and contents were returned to the beaker in 
which the pH was again checked. When the pH varied, 
the same procedure was again performed until the pH 
was consistent. The cell was then placed in the instru
ment compartment, and two separate absorptions were 
taken, the second after the dark current and sensitivity 
were readjusted.
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Shown in figure one are the results of polyglu
tamic acid titrations for various salt concentrations. 
The pH - log -¡^ vs. OC curves show an absence of any 
changing pKapp in the region of CC = 0.8 to QC = 1.0,
In 1960, an increase in PKapp in this region (shown 
in figure two) was proposed by Wada to be an increase 
in the pKapp of the random coil acid. Since the two 
results were inconsistent, a new method of presenting 
the titration data seemed necessary. Shown in figures 
three, four, and five are the same titrations as in 
figure one, plotted as the change in acid (volume) for 
a given pH change vs. pH. It can be shown (appendix 
one) that for a system containing two monobasic acids,
da = -2.3U3 (H+) C1K1 + c2k 2 dpH,

_( (H+) + Ki)2 ( (H+) + K2£ 
where C]̂ and Ki are the analytical concentration and 
the acid dissociation constant for acid one, and C2 

and K2 the same properties for acid two. a is the 
concentration of a strong acid being added to the 
system. This equation can be rewritten as:
da = .2303 (H+) ChKh C K c c

.((H+) + Kh)2. ( (H+) + Kc £i
for dpH = -0.1 and where K^, Kc, and Cc are the acid
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dissociation constants and analytical concentrations
of the helix acid and coil acid respectively. For
the actual titration of polyglutamic acid, this
equation must be taken as a first approximation only.
For the region of a titration of polyglutamic acid in
which no helix was present, Ch would be 0 (at high pH),
and similarly for low pH, Cc would be 0, For the
region of the titration in which there is present both
helical and coil acids, and Cc would be some fraction
of the total polymer concentration. From figure one it
can be seen that the pKapp change of the coil acid is
negligible until 0C is 0,5. If it is assumed that the
pKa of some acid does not change, then a theoretical
titration curve can be calculated based on the equation
da = .2303 (H+) KaCa

((H+) + Ka)2 .
Figure six shows such a titration curve for pKa = 5.4 
where Ca is 4 x 10~4 M. If some acid with a pKa of 5.4 
is then titrated and the titration data follows the the
oretical line, it may be assumed that the pKa of the ti
trated acid did not change during the titration. Figure 
seven shows the titration of 4 x 10"^ M polyglutamic 
acid in 0.2 M NaCl. Included in the figure is the
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theoretical line based on a pK of 5.4 and a concen-a

tration of 4 x 10"* M. It can be seen that the actual
titration follows the theoretical curve through the
higher pH region of the titration. The first deviation
occurs near 0C = 0.5 ( OC = concentration of ionized
carboxyls / total concentration of carboxyls). This is
consistent with figure one which indicates that pKOTWapp
has remained essentially constant until OC = 0.5. Since 
no deviation occurs until this point of the titration, 
it can be further concluded that the analytical concen
tration of coil acid has remained the same. This means 
that no helix-coil transition has occurred. The region 
between which CC is 0.5 and 0 must then be , at least in 
part, the region of helix-coil transition. The devi
ation from the theoretical curve in figure seven (where 
the pH is near 5.3), can be explained either by a 
changing pKa for the acid, or a change in the analytical 
concentration, or some combination of the two. Substi
tution of the actual data into the theoretical equation 
would require the pKa of the acid to change nearly 1 . 0  

units. Since a change of this magnitude seems difficult 
to imagine and is not indicated in figure one, it would 
seem that the concentration of the coil acid had
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decreased. This indicates that the helix-coil 
transition has begun.

This author proposes that there is no change in 
pKapp for the coil acid, and that the deviation can 
be attributed solely to a change in analytical concen
tration. If one assumes a linear change in concentration 
of coil acid with pH during the transition region, a 
graph results such as shown in figure eight. The 
theoretical line is calculated by assuming the pKa of 
the coil is 5.4, and the pKa of the helix is 4.5, which 
is an approximate value for the helix acid. For the 
same curve, it is also assumed that at a pH of 5.5 
there is no helical structure, and at a pH of 4.5 there 
is no coil structure. It can be seen that these are 
rough approximations, but there is a similarity between 
the two curves.

Figure four shows the titration of polyglutamic 
acid in no salt. It again appears (from figure one) 
that no change in pKapp occurs until OC is near 0.5.
This is consistent with figure four if the actual curve 
is compared with a theoretical curve (not shown) based 
on a pKa of 6.3. The deviation which occurs between 
OC = 0 and where OC is 0.5 can be treated similar to the
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0.2 M NaCl titration above. It is quite obvious when 
comparing figure three and figure four that the salt 
concentration has a more pronounced effect on the coil 
acid than on the helix acid. Figure five shows the 
titration of polyglutamic acid in 1.0 M NaCl. The pK 
of the coil acid has been lowered to a point where it 
is similar to the helix acid. A theoretical titration 
curve for this titration could indicate either a change 
in PKa f°r tlie coil acid at values of 0C greater than 
0.5, or some configurational change. The corresponding 
P^app figure one indicates that a change is occuring 
during the titration of the coil acid. The fact that 
the slope of pKapp is negative in figure one for this 
titration is not surprising since such a slope has been 
observed before (13), If it is again proposed that no 
helix-coil transition occurs for a  greater than 0 .5  

then the region for this titration in which the tran
sition could occur is quite small. In general, compari
son of figures three, four and five shows that the larger 
the salt concentration, the sharper the helix-coil tran
sition with respect to pH. This is inconsistent with 
Wada*s results in 1960, It is in agreement, however, 
with the findings of Gearhart (14). If the pKapp vs, 0C
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graphs that Wada describes were interpreted differently, 
they would show agreement with these results. If the 
region of Wada’s curves, for which Wada has assigned a 
helix-coil transition, is taken as the coil titration, 
and the region between CC = 0.5 and OC = 0.2 as the helix- 
coil transition region, then as the salt concentration 
is increased, this region becomes smaller. It would 
seem that this region could describe a system changing 
from an acid with a high pKa to an acid with a lower 
pKa as easily as attributing the decrease of pKapp 
solely as a change in pKa of the helix acid. An expla
nation for a decrease in pKapp at higher OC values will 
be offered in the next paragraph.

Since the concentration of polymer seemed to 
produce different titration data, a more concentrated 
solution was titrated. Figure nine and figure ten 
show the results of the titration of 1 x 10“3 M poly- 
glutamic acid in no salt. In figure ten, the decrease 
in pKapp at higher OC values is present. Figure nine 
shows also that according to the theoretical curve 
calculated for a 1 x 10"^ M acid with a pKa of 6.3, 
the actual pKa for the acid is larger at first, then
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decreases to a pKa lower than 6.3. It should be noted 
that the small rise in Ami in figure nine near a pH 
of 6.9 might suggest some type of configurational 
change during the titration of the coil. The possi
bility of some type of ordered structure at higher pH 
values has been suggested previously (15). It could 
then be proposed that in figure nine, the helix-coil 
transition begins near pH = 6.3, (where 0C=0.5). This 
would allow the more concentrated polyglutamic acid 
solutions to behave similar to the more dilute solutions, 
in the helix-coil transition region.

Since it has been stated (7,16) that titration
curves of polyelectrolytes are independent of chain
length of polyion, a short chain polyglutamic acid was
titrated. Shown in figures eleven and twelve are the
results of the titration of 8 x U T ^  M polyglutamic
acid in U.2 M NaCl. Comparison of figure eleven with
figure four indicates little change in the approximate
pKa*s both the helix acid and coil acid. Comparison
°f figure twelve with figure one shows a smaller dK

* app
for the short chain polymer. Since the concentration 
of the short chain polymer is double that of the long
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chain, some concentration effect might be part of the 
explanation. An alternative explanation for a lower 
pKapp for the short chain polymer could be that the 
addition of a proton to the short chain polymer must 
be closer to one already present on that chain and also 
would have a more noticeable effect on the change of 
the total charge on the polyion. This would result 
electrostatically in a proton being able to distribute 
its positive charge over a greater percent of the poly
ion than for a very long chain. (E.g., the third pro
ton on the 37-mer would change the total charge from 
-35 to -34, while the third proton on a 600-mer would 
change the total charge from -598 to -597). As 
mentioned earlier, the negative slope in figure twelve 
has been observed before.

Figure thirteen shows the results of titrations 
of 4 x 10“4 M polyglutamic acid in the presence of 
cupric ion for various R values, (where R is the con
centration of residues / concentration of cupric ions). 
All four titrations were carried out in 0.2 M NaCl 
solutions to avoid any effect from change in ionic 
strength. Ultraviolet absorptions were performed on
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the R = 10 solution. The results are shown in figures 
fourteen and fifteen. The absorptions in figure four
teen were taken at a pH of 5.3, where Wada reported the 
maximum to occur. Figure fifteen shows the absorption 
at various pH values at A.- 250ît>|j . This would seem 
to indicate that the complex formation was most favor
able at pH = 5.3 and gave the greatest absorption at 
250fnp , independent of the ionic strength. This would 
eliminate any interaction between the carboxyls and 
the cupric ions since ionic strength would show a 
direct effect.

Figure sixteen shows the titration data for the 
R values of 20, 10, and 5 as pKapp vs.OC. Little 
difference is apparent for the R values of 20 and 10.

Consistent with the investigation of this system 
in 1966, if enough cupric ion is added, the helical 
structure is possible at rather high pH values.
Figures thirteen and sixteen both seem to indicate a 
transition at high pH values for R = 5. The decrease 
in pKapp in figure sixteen tor R = 5 can be attributed 
to some configurational change. In figure thirteen, 
the titration data for R = 5 seems to suggest two
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distinct acids. The position of the larger peak is 
not interpreted as the titration of the coil structure, 
but appears to be some structure distinct from the 
helix or coil. This suggests some type of conforma
tional change which the coil undergoes at higher pH 
values, to some intermediate conformation that subse
quently changes to the helical conformation at lower pH.

According to Wada’s data in 1966, free cupric ion 
was found to be present at low pH, which in view of 
this data, indicates that the cupric ion must be 
released from the polyglutamic acid before the helix 
can form. The intermediate structure between helix 
and coil could possibly be a chelate of some type which 
must be broken up by the addition of acid, resulting 
in subsequent helix formation. Since the approximate 
pKa*s of the coil acid (figure thirteen) show little 
change as the value of R is decreased slightly, very 
little interaction could be possible between the 
carboxyls and the cupric ions.

The hypochromicities for three R values and for 
pure polyglutamic acid are shown in figure seventeen 
through twenty. All four hypochromicities were taken
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for 4 x 10“^ poiygiutamic acid in u.2 M NaCl, using a 
U.2 M NaCl solution in the reference cell. Comparison 
of the changes in € for the systems containing cupric 
ion to a system with no cupric ion might suggest 
whether G does correspond to helix-coil content. Figure 
seventeen indicates that G begins to decrease near 
0C = 0.5, hence G cannot be a measure of ionization. 
Comparison of figures eighteen through twenty indicates 
an initial change in G at progressively higher pH 
values as the value of R decreases. Since the cupric 
ion enhances helix formation at higher pH values, it 
is evident that the more cupric ion present the greater 
the loss of coil content, which is consistent with 
figure twenty-one. The titration data tor these R 
values indicate clearly no direct correlation between 
0C and G . In figure twenty, two distinct decreases in 
6 can be observed. This also seems to indicate a 
change corresponding to the coil transformation to some 
intermediate conformation, followed by a transition 
from the intermediate conformation to the helix. As a 
result of tne above evidence, this author proposes that 
G can be taken as a measure of helix-coil content for 
a poiygiutamic acid system.
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TitraCions of dilute solutions of polyglutamic 
acid yield different titration curves when plotted as 
P^app vs* 0̂  » than do the more concentrated solutions. 
Since the PKapp curves tor the dilute solution lacked 
the desired intormativeness, an alternate method of 
presenting the titration data was utilized. Based on 
typical titration curves which describe the buffer 
capacity of a system containing weak acids (17), the 
change in acid (da) required to bring about a known 
pH change was plotted vs. the pH. Comparison ot these 
curves to theoretical curves, whicn were calculated 
tor the same concentration and pKapp as the polymer, 
showed that any change in the pK of the coil structure 
during a certain region of the titration could be 
taken as insignificant. The titration data showed 
0C - 0.5 in the region of the titration which was most 
buffered. a.t this point, pH = pKa, which corresponded 
to trie pkapp. The region of the titration in which 
the actual data deviated from the theoretical line, 
was assumed due to a helix-coil transition, since the 
analytical concentration of the coil would be decreasing. 
This would account for a smaller amount of acid being 
required than what was calculated on a theoretical
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curve, and not require a change in the pKa of the 
random coil acid. The results of the alternative 
method of presenting the titration data, indicate that 
Wada's pKapp vs.CC curves could be better interpreted.

A new interpretation would include four regions 
of the titration (figure one), in contrast to Wada’s 
three regions (figure two). The helix-coil transition 
region would occur at lower values of OC than previously 
indicated. Region two in figure one would then indicate 
tnat additional salt sharpens the transition. Wada’s 
graph shows the opposite effect when increasing the 
concentration of salt. The results of titrating a more 
concentrated polymer solution suggests that the region 
to which Wada assigned a pKapp change to a random coil, 
could aiso be interpreted differently. It is suggested 
that since some type of ordered coil has been proposed 
at nigher pH values (15), the change in pKapp in this 
region might indicate a change from this well ordered 
coil to the less ordered random coil. Region three 
would be tne titration of the random coil, wnile region 
one would be the final titration of the helix including 
aggregation preceding precipitation. The titration of
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a short polymer indicated little chain length effect, 
but gave a negative slope for pK vs. OC .

The presence of cupric ion in a polyglutamic acid 
titration has little effect for R values greater than 
20» The helix content, which is enhanced by cupric 
ion, is present at higher pH values when the value of 
R is 10 or less. Both the titration data and the 
absorption data suggest an intermediate structure, 
distinct from helix or coil, when the value of R is 
decreased to five.

The hypochromicity was taken on polyglutamic acid 
systems both in the presence and absence of cupric ion. 
The results of these hypochromicities rule out the 
absorptivity coefficient (€) as being a direct corre
lation of the degree of ionization. Also shown by the 
ultraviolet data is the formation of helix, in the 
presence of cupric ion, at higher pH values than with 
no cupric ion. The hypochromicity also indicates a 
broader transition region as the value of R is decreased. 
For R = 20, the transition region involves OC from 0.73 
to 0.03. For R = 10, the transition involves 0C from 
0.96 to 0.04, and for R = 5, OC changes from 0.99 to 0.08.



28

The absorption data also shows no detectable interaction 
between the side chain carboxyls and the cupric ions. 
From the hypochromicity studies it is concluded that 
the absorptivity coefficient can be taken as a measure 
of helix-coil content in a polyglutamic acid solution.







MFigure One. The titration of 4 x 10“  ̂

polyglutamic acid in; no sait (®), 0.2 M 
NaCl (•), and 1.0 M NaCl (•).

P^app = P^ ~ |— (X

Figure Two. A typical pKapp vs.oc graph 
for polyglutamic acid. Sait concentration 
is increased from top to bottom. Region 
one has been designated the helix titration 
and aggregation preceeding precipitation, 
region two that of the helix-coil trans
formation, and region three the titration 
of the random coil. (Data from Wada).
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Figure Three. The titration of 4 x 10  ̂M 
polyglutamic acid with no salt. The ordin
ate shows the change in the volume of 0.99 
M HC1 required to change the pH by -0.1 
units. The abscissa shows the corresponding 
pH.

Figure Four. The titration of 4 x 10~^ M 
polyglutamic acid in 0.2 M NaCl with 0.99
M HC1
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Figure Five. The titration of 4 x 10~^ M 
polyglutamic acid in 1.0 M NaCl with 0.99 
M HC1,

Figure Six. The theoretical titration of 
a 4 x 10“^ M monobasic acid with a pKa of 
5.4. This curve is calculated from the 
equation: da = -2.303 (H+) ^ dpH.

da has been converted to the volume of 0.99 
acid required to titrate 50 ml of solution.
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- AFigure Seven. The titration of 4 x 10 
polyglutamic acid in 0.2 M NaCl, with 
the theoretical titration from figure six 
included. Theoretical (•), actual (°).

Figure Eight. Theoretical calculation of 
4 x lO"^ M polyglutamic acid (•) during the 
coil to helix transition compared to the 
actual (°) data.
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Figure Nine. The titration of 1 x 10“3 M 
polyglutamic acid in no salt (®). Shown 
also is the theoretical titration curve (--) 
for Ca = 1 x 10"3, and pKa = 6.3.

Figure Ten. The titration of 1 x 10~3 M 
polyglutamic acid in no salt.
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Figure Eleven. The titration of 8 x 10"^ M 
polyglutamic acid (D P =37) in 0.2 M NaCl.

Figure Twelve. The titration of 8 x 10"^ M 
polyglutamic acid (D P =37) in 0.2 M NaCl.
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Figure Thirteen. The titration of 4 x 10-4 M 
polyglutamic acid in 0.2 M NaCl for various 
R values. R = concentration of residues / 
concentration of cupric ions.
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Figure Fourteen. Absorption of the poly- 
glutamic acid--cupric ion complex in 0.2 M 
NaCl at various wave lengths (pH = 5.3).

Figure Fifteen. Absorption of polyglutamic 
acid--cupric ion complex in 0.2 M NaCl 
at 250m(j and at various pH values.
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Figure Sixteen. Titration 
acid--cupric ion for three 
R = 5 (•), R = 1U (•), and

of polyglutamic 
values of R.
R = ¿0 (•).

Figure Seventeen. Titration data (°) for 
4 x 10“^ M polyglutamic in 0.2 M NaCl
including the hypochromicity( •).
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Figure Eighteen. Titration data (o) and 
hypochromicity (•) for 4 x 10""4 M poly- 
giutamic acid--cupric ion in 0.2 M NaCl. 
R = 20.

Figure Nineteen. Titration data (<>) and 
hypochromicity (•) for 4 x 10*^ M poly- 
glutamic acid--cupric ion in 0.2 M NaCl.
R = 10
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Figure Twenty. Titration data (°) and 
hypochroraicity (•) for 4 x 10 M poly- 
glutamic acid--cupric ion in 0.2 M NaCl. 
R = 5,

i

Figure Twenty-One. The hypochromicities 
for R = 5 (•), R = 10 (o) , and R = 20 (•).



5l

F I G U R E  T W E N T Y

3.0i

£
x

<x>

2.5

2 . 0-

9

O

9 0 9
©  ©  Q Q Q 9

4 5 pH 6
T-

7

FIGURE TW E N T Y -O N E

(£-01 X) 
3





53

Derivation of the equation describing the titration 
of the conjugate bases of two monobasic acids with
some strong acid a. 
Proton balance: (H+) = (OH ) + (A£) + (Ap + a,
where a is the concentration of the strong acid.
This, upon rearrangement and differentiation with
respect to (H+), gives:

da = d f(H+) - (OH") - (Ap - (A2)]
d(H+) d(H+)

The same equation for the titration of a water blank
da = d P(H+) - (OH")]

d(H+) d(H+)
For the titration of the acid alone:

da = d RAT) + (A2 )]
d (H P d(H4)

Substitution of (Ap = K1C1 and (AÔ) = K2C 2_,
(H+)+K1 (H+)+K2

and differentiating gives:
da -T K1C1 + K2C 2 d ( H+ ) L((H'r)+K1)2 TâTrj+K2)è_

Since
dpH = -d log (H+) = -d ln(H+) = - d (H+) .

2,303 2.303 (H+)
or

d(H+) = -2.303 (H+) dpH
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Finally
da = -2.303 (H+) K 1 C1 K 1 C1

((H+)+K1)2 ((H+)+K2)2
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