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ABSTRACT Exchange rate measurements of water protons in aqueous solutions of poly(acry1ic acid) (PAA) 
and poly(methacry1ic acid) (PMA) by NMR T2 measurements in Hzl7O are reported. The polyelectrolyte 
contribution to the exchange rate is found to depend linearly on the concentration. This indicates that it 
originates from intramolecular processes, probably proton transfer between COOH and COO- groups via an 
intervening water molecule. The corresponding rate constant is an increasing function of the degree of 
neutralization, largely independent of molecular weight and of the concentration of added salt. The residence 
time of a proton in a COOH group is calculated from the obtained rate constants and is found to be longer 
for PMA than for PAA by a factor 5. The influence of added simple salt on the exchange rate is reported. 
The possibility of obtaining hydrogen ion concentrations and activity coefficients from the experimental exchange 
rate is demonstrated. 

Introduction 
An experimental investigation of water proton exchange 

in solutions of low molecular weight carboxylic acids was 
reported recently'. In the present paper results of lH 
exchange rate measurements using the CarrPurcell NMR 
method on polyelectrolyte solutions in "0-enriched water 
are described. The exchange rate k,, is defined as the 
inverse mean proton residence time in a water molecule. 
As in the previous work1, k,, is obtained from the con- 
tribution of the exchange-modulated lH-170 scalar cou- 
pling to the proton transverse relaxation rate l/T2. 

Because the water proton exchange is catalyzed by 
processes involving the transfer of a proton from a COOH 
group to a water molecule, k,, may yield information on 
the proton residence time in a COOH group, TCOOH. 

Knowledge of TCWH is important for the interpretation of 
solvent relaxation data for solutions of high molecular 
weight compounds. 

The polyelectrolytes investigated are poly(acry1ic acid) 
(PAA, (CH2(CHC02H)),) and poly(methacry1ic acid) 
(PMA, (CH2(CH3CC02H)),). The exchange rate k,, was 
measured as a function of the polyelectrolyte concentration 
cp at  a number of a values (a is the degree of neutraliza- 
tion). For PAA, the molecular weight dependence was 
investigated. 

Some measurements of proton exchange in PMA solu- 
tions were performed in this laboratory previously,2 but 
a quantitative explanation was complicated by the fact that 
only 170-enriched water containing 80% deuterium was 
available, whereas large deuterium isotope effects on the 
reaction rates are expected.l 1 7 0  line width experiments 
on proton exchange in PAA and PMA solutions were re- 
ported recently by Halle and Pi~ulel l .~  However, they did 
not investigate the concentration dependence of the ex- 
change rate systematically, and the method can only give 
reliable results over a small pH range. Experiments have 
been reported on proton exchange between polyelectrolytes 
(PAA and PMA) and indicator molecules by the temper- 
ature jump method! Such experiments do not yield direct 
information on the residence time in COOH groups in the 
absence of indicator. 
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In order to partition the experimental k,, into contri- 
butions from H30+ catalysis and from polyelectrolyte ca- 
talysis, it is necessary to know the H30+ concentration cH+. 
For the simple acid solutions studied earlier, cH+ was 
calculated from known pK and activity corrections.l For 
polyelectrolyte solutions these quantities are not unam- 
biguously and accurately known. To be able to separate 
H30+- and polyelectrolyte-catalyzed contributions, two 
alternative approaches were taken: 

(a) The exchange rate was measured as a function of cp 
in the presence of excess NaC1. Then in the present a- 
range (0.3 I a I OB), cH+ is supposed to be independent 

(b) For salt-free solutions, cH+ was calculated from the 
experimental pH and an H30+ activity coefficient esti- 
mated from the single-ion activity coefficient 7Ne+, which 
is known from the literature. 

Both methods are shown to yield a polyelectrolyte-cat- 
alyzed contribution to k,, (denoted kcooH) that depends 
lineariy on c This indicates that intramolecular processes 
are responsitle for kcpH.  The rate constant obtained for 
polyelectrolyte catalysis will be used to estimate the proton 
residence time in a COOH group. 

Experiments on the influence of added simple salt on 
the exchange rate are reported. I t  is shown to be possible 
in some cases to determine the hydrogen ion concentration 
and activity coefficient from the experimental exchange 
rate if the relevant rate constants are known. 

Experimental Section 
Chemicals and Solutions. All solutions were prepared by 

weight. The (monomer) aquamolality, m, is used as a measure 
of the concentration; i.e., concentrations are given as the number 
of moles of monomeric units per 55.5 mol of water. Polyelectrolyte 
concentrations cp are given as global concentrations, i.e., as 
4- C,,,,'wabd bme, unless indicated otherwise. 170-enriched water 
was obtained from Monsanto Research Corp. in two fractions 
containing 43.4 and 52.4 mol % l70 and 31.4 and 35.1 mol % l80, 
respectively. The oxygen isotopic composition of these stock 
solutions was checked by mass spectrometry as described in the 
previous paper.' PAA, degree of polymerization DP = 2100 and 
DP = 4100, and atactic PMA, DP = 2300, were synthesized and 

of cp .  
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fractionated as described before? DP was determined by viscosity 
measurements in the presence of 0.01 N HC1, using Mark-Hou- 
wink relations? PAA of lower molecular weight was obtained as 
an aqueous solution from Aldrich (catalog no. 19,202.3). The 
solution was purified by filtration through a G3 glass filter and 
a Millipore filter scwp 04700, pore diameter 8 pm, and treatment 
with Norit. Then a series of PAA fractions of increasing molecular 
weight was separated by fractionated dialysis across a cellulose 
membrane, among which were fractions with DP = 6.3 and DP 
= 26 (the use of dialysis as a separation tool for compounds of 
relatively low molecular weight was originally proposed by Craig 
and Kings). In this case DP was determined by vapor pressure 
measurements. Polyacid concentrations were determined by 
potentiometric titration. Stock solutions of degrees of neutral- 
ization a were then prepared by weight from polyacid solution 
and sodium hydroxide solution (Merck, Titrisol). Corresponding 
solutions with added sodium chloride (Baker, 0277) were made. 
To obtain a concentration series at  each a, samples of the stock 
solutions, to which some H 2 7 0  was added in the NMR (10 mm) 
tubes, were diluted stepwise in the tubes, with NMR measure- 
ments in between. The salt-free solutions were diluted with 
distilled and deionized water to obtain the concentration series. 
The solutions with excess salt were obtained by dilution with 
sodium chloride solutions of an aquamolality c,, c, was chosen 
equal to the sodium chloride aquamolality of the initial solution 
in the NMR tube. This procedure ensured constant NaCl 
aquamolality in these concentration series. Stock solutions of 
PAA, a = 0.489, cp N 0.012 rii, at several sodium chloride con- 
centrations were prepared. For each c, an NMR sample was 
prepared from these stock solutions and added H2170. All ma- 
nipulations involving H2l7O were performed at  4 "C to minimize 
exchange with atmospheric humidity. The final 1 7 0  mole fractions 
ranged from 0.13 to 22.3%. 

pH measurements were performed with a Radiometer GK- 
2401C combined glass/Ag-AgCl electrode with saturated KCl salt 
bridge. The Radiometer pH meter 26 was calibrated a t  25.0 "C 
with buffer solutions 0.025 M KHzPOI/Na2HPO4 (Radiometer 
Precision Buffer S1500), pH 6.865, and 0.05 M potassium hydrogen 
phthalate (Baker, 0197), pH 4.008. The pH and NMR data were 
obtained from solutions prepared from the same stock solutions. 
The experimental error is estimated to be f0.02 pH unit for 
polyelectrolyte concentrations above 0.02 A and for samples with 
added NaCl and somewhat larger for salt-free solutions of lower 
concentrations. According to Illingwofih,' pH measurements with 
standard combination electrodes are often subject to large (ionic 
strength dependent) errors, which may be larger than 0.2 pH unit, 
even for measurements on well-buffered solutions. In connection 
with previous work,' we performed a large number of pH mea- 
surements on acetic acid/sodium acetate mixtures at several buffer 
ratios in the concentration range from 0.004 to 0.3 rii. Comparison 
of the results with literature values8 indicated that, with our 
equipment, the experimental error is not larger than fO.02 pH 
unit in that concentration range. However, it was found that 
stirring of the solution could give rise to large errors in dilute 
solutions. 

Determination of the Exchange Rates. Nh4R measurements 
were performed with a home-modified Bruker pulse spectrometer 
at  a field of 1.4 T,  where the 'H resonance frequency is 60 MHz. 
The temperature was 25.0 f 0.3 "C. The longitudinal relaxation 
rate R1 = l /T1  was measured by the inversion-recovery method, 
and the transverse relaxation rate Rz = l / T z  was measured by 
the Carr-Purcell-Meiboom-Gill method. The estimated error 
margins of R1 and Rz are f3% and *5%, respectively. The 
exchange rate k,, was determined from the dependence of R z  on 
the Carr-Purcell pulse spacing t ~ p .  The experimental RZ(tm) were 
fit to the Luz-Meiboom e q ~ a t i o n , ~  eq 1, if k,, > lo4 s-'. 
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relaxation rate in PAA and PMA solutions, cp = 0.2 I%, at a = 
0 and a = 1 is a t  most 15% larger than in pure water: whereas 
in the present experiments the influence of 170 relaxation is 
important only a t  much lower concentrations. 

If k,, 5 lo4 s-l resulted from a fit to eq 1 or was otherwise 
expected, a numerical method was used to solve the Bloch 
equations, extended with exchange terms (the Hahn-Maxwell- 
McConnell  equation^'^!'^). Further experimental details are 
described in the previous paper.' I t  could be expected that the 
assumption 

RA0) = Ri (2) 

used there no longer applies in macromolecular solutions, where 
molecular motions may be present that are not fast compared 
to the Larmor frequency. The deviations from eq 2 are expected 
from previous work14 to be most pronounced in PMA solutions 
at high concentration and low a. As a check, the R1 - Rz difference 
was measured for two PMA solutions in water naturally abundant 
in 170 a t  a = 0.301 and a = 0.502 at concentrations of 0.206 and 
0.219 rii, respectively. The R1 - Rz difference was found to be 
0.039 and 0.033 s-l, respectively (that is 10% and 9% of RJ, 
independent of tCp, thus only just outside the experimental error 
margin. Then, from the observed total exchange contributions 
to the transverse relaxation rate, it is estimated that the as- 
sumption eq 2 introduces an additional experimental error lower 
than 1.5% for all experiments. The overall experimental un- 
certainty in k,, is estimated to be 1 5 % .  

Hydrogen Ion Activity Coefficients. As will be discussed 
in the Results, values of appropriate operational activity coef- 
ficients yH+ are needed in order to evaluate the H30+-catalyzed 
exchange rate contribution kH+ (with eq 7) for salt-free solutions. 
yH+ were estimated from published sodium ion activity coefficients 
yNa+, as determined in polyelectrolyte solutions with a sodium- 
selective glass electrode. Costantino et have determined yNa+ 
in this manner for solutions of atactic PMA, DP = 2900, neu- 
tralized by sodium hydroxide to a = 0.43, 0.65, and 0.97, re- 
spectively, and PAA, DP = 3700, a = 0.97. yNa+ was found to 
be independent of the concentration in the investigated range 
0.006 5 cp 5 0.017 mol/L and identical for PAA and PMA so- 
lutions at  a = 0.97. Okubo et al.16 found no concentration de- 
pendence of yNa+ of solutions of PAA, DP = 1700, a = l in the 
concentration range 0.008 5 cp 5 0.25 mol/L and only a slight 
decrease of yNa+ at lower concentrations. Their absolute Y N ~ + -  
values are higher than the values of Costantino et al.15 at a = 0.97 
by 25-30%. We have taken yH+ as being constant in the presently 
investigated concentration range (0.0025 I cp I 0.22 A), equal 
for PAA and PMA solutions and independent of molecular weight. 
We used the results of Costantino et al.15 because these results 
pertain to the relevant a-range. Linear interpolation and ex- 
trapolation (as ayNa+ vs. a)  resulted in y ~ +  = 0.56,0.35, and 0.25 
for a = 0.3, 0.5, and 0.8, respectively. 

Results 
Rate Constants kP Exchange rates were measured for 

PAA and PMA solutions as a function of the concentration 
at several values of a. Results a re  given in Figure 1 for 
the  concentration series with excess sodium chloride. 
Results for the concentration series without added salt are 
given in Figure 2. Experimental pHs  of solutions with 
added  salt were concentration independent in the  range 
0.01 5 cp 5 0.1 rfi, within the experimental error margin 
of &0.02 pH, and are shown in Table I. pHs of solutions 
without added salt a re  given in Figure 3. 

T h e  results will be described by using the  equation 

Here, R2(0) = lim, Rz, JOH = 86 Hz' is the lH-170 scalar 
coupling constant, fi?the 170 mole fraction, k , ~  = k, + R1 (170) 
is the effective exchange rate," and R1(170) is the I7O longitudinal 
relaxation rate. R1(170) = 141.6 s-l was taken from results on pure 
HzO.ll This should be a good approximation, as the water 170 

where 

kOH-  = '/k'2cOH- (3c) 

kCOOH = k3CCOOH/CH20 (3d) 

k,, is t he  exchange rate, which is defined as the  inverse 
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Table I 
Rate Constants k, Obtained from Experiments on Solutions with Excess Added Sodium Chloride and on Solutions 

without Added Salt 
expts on 

excess-salt expts salt-free 
- solutions 

solution OL c, ,  m pH k H + ,  lo3 s-l k,,' l o 6  s-l k3,' l o6  s'] 

PAA. DP = 4100 0.301 0.635 4.18 163 14  61 
0.493 1.48 
0.185 1.49 

0.502 1.38 
0.800 1.36 

PAA, DP = 2100 0.449 1.46 
PAA, DP = 26 0.494 1.46 
PAA, DP = 6.3 0.566 1.47 

PMA, DP = 2300 0.301 0.688 

a An error margin of i 10% is estimated. 

4.52 51  
5.47 6.5 
4.99 28 
5.28 11.0 
5.94 2.6 
4.37 61  
4.63 43 
4.60 41  

1 7  80 
91 106 
14.6 13.4 
17.5 16.1 
21.0 23.3 
66 I1 
67 72 
69 

300 T--L1--h 

0 005  0'0 015 
c p  61 cp i l f i i  

Figure 1. Experimental exchange rates k ,  as a function of the 
polyelectrolyte concentration cp for solutions with excess NaCI: 
(a) PAA, DP = 4100, cy = 0.301,0.493, and 0.785, and c, = 0.635, 
1.48, and 1.49 m for the curves from top to bottom; (b) PMA, DP 
= 2300, a = 0.301,0.502, and 0.800, and c, = 0.688, 1.38, and 1.36 
lil from top to bottom. The drawn lines correspond to eq 3. The 
bars denote error margins of 15%. 

mean residence time of a proton in a water molecule. k,, 
kB, and k3 are the rate constants for H30+-, OH-, and 
polyelectrolyte-catalyzed proton exchange, respectively. 
CCOOH is the monoaquamolality of COOH groups, which 
is approximated by 

(4) 

The OH--catalyzed exchange rate contribution koH- will, 
as a first approximation, be calculated from 

(5) 
From the literature, k2 = 3.4 X lo9 s-l fi2-11' and pK, = 
13.9965lS (the ionization constant of water a t  25 "C) will 
be used. 

The results of the experiments with excess salt will be 
discussed first. For these experiments, using eq 5, koH- is 
calculated to be less than 0.6% of k, and will be neglected. 
As in these experiments the pH is practically independent 
of cp, it will be assumed that k H +  is concentration inde- 
pendent. Then, according to eq 3, k,, should depend lin- 
early on cy This is seen to be in agreement with the results 
depicted in Figure 1. From the slope of the straight lines, 
obtained by least-squares analysis, K 3  was obtained. Re- 
sults are shown in Table I. 

I t  is seen from the figures that the results are well de- 
scribed by the linear equations. Thus, in contrast to the 

CCOOH = (1 - a ) c p  

k o H -  = '/zk, X 10pH-pKw 

I 

I I I 

30 

kex 

20 

(1 o3 s-'1 

10 

L 

, o i  I I 
0 0 10 0 20 

c p  i m i  

Figure 2. Experimental k,, as a function of cp for solutions 
without added NaC1: (a) PAA, DP = 4100, cy = 0.301,0.493, and 
0.785, from top to bottom (b) PMA, DP = 2300, a = 0.301,0.502, 
and 0.800, from top to  bottom. The drawn lines correspond to 
eq 3. 

case of low molecular weight acids,l there is no indication 
of an exchange rate contribution quadratic in the con- 
centration. 

For the results on salbfree solutions a different approach 
is needed to separate the various contributions in eq 3, 
because here cH+ can be expected to vary strongly as a 
function of cp, To eliminate the concentration-dependent 
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I C 1  
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L' 0 01  0 2  L' 0 0 1  0 2  

cp I61 cp Ifil 

Figure 3. Experimental pH as a function of cp for solutions of 
(a) PAA, DP = 4100, a = 0.785, 0.493, and 0.301, for the curves 
from top to bottom and (b) PMA, DP = 2300, a = 0.800, 0.502, 
and 0.301, from top to bottom. 

kH+ contribution, corrected exchange rates kc are defined 

k,  = k,, - kH+ ( 6 )  

kH+ is calculated from the experimental pH according to 

by 

Here, k ,  = (9.6 f 0.5) X lo9 s-l m-l and Y H +  is the ap- 
propriate operational hydrogen single-ion activity coeffi- 
cient, defined by 

YH+ = 10-PH/CH+ (8) 

Unfortunately, in polyelectrolyte solutions Y ~ +  is not 
known. It can only be estimated from related quantities 
that may be determined experimentally in a direct manner. 
As explained in the Experimental Section, Y ~ +  was taken 
equal to the sodium ion activity coefficient, as determined 
for PMA  solution^,'^ from measurements with a sodium- 
selective glass electrode and calomel electrode with a KCl 
salt bridge. From uncertainty margins in 7 N a +  and k ,  of 
f10% and f5%, respectively, and an uncertainty margin 
in the experimental pH of f0.02 pH, the calculated kH+ 
is thought to be accurate to within f12%. 

Values of k,  are depicted in Figure 4. The relationship 
between k,  and cp appears in most cases to be linear, with 
the appropriate straight lines going through the origin. 
This is in agreement with eq 3 and 6 ,  if k, is concentration 
independent and kOH- is negligible. The deviations from 
such a straight line through the origin at higher a's and 
lower concentrations are expected to be caused by the 
increase of koH- with decreasing concentration. For the 
solutions of PMA, a = 0.8, kOH- is important even a t  the 
higher concentrations, as will be discussed later. It is noted 
that a possible quadratic term in the rate equation is not 
indicated; this is in agreement with the results of the ex- 
periments with excess salt. For the experiments at a = 
0.3, the correction for H30+-catalyzed exchange is rather 
important (30-40% of kex).  Therefore, some systematic 
error in the calculation of kH+ could possibly be thought 
to obscure deviations from a linear dependence of k,  on 
cp. However, the results at a = 0.5 and for PAA at a = 
0.8, where the correction is smaller, strongly indicate lin- 
earity. Accordingly, we will again use eq 3 to obtain k ,  
values, which are then calculated from 

cp ifiil 

Figure 4. Exchange rates corrected for H30+ catalysis (k, = k,, 
- kH+) as a function of c for solutions of (a) PAA, DP = 4100, 
a = 0.301, 0.493, and 0.f85, for the curves from top to bottom 
and (b) PMA, DP = 2300, a = 0.301,0.502, and 0.801, from top 
to bottom. The drawn lines are calculated according to eq 3 and 
6. The bars denote error margins, calculated from the uncertainty 
margins in calculated kH+ and experimental k, of &12% and &5%, 
respectively. 

To minimize the influence of the uncertainty in the cal- 
culated kH+ and kOH-, the average k ,  at each CY was taken 
for concentrations where this influence is the least im- 
portant: It was required that kH+ < 0.4ke, and koH- < 
0.005ke,, or for PMA, a = 0.800, where the second criterion 
is not satisfied in the experimental concentration range, 
k0H- < 0.O6kex. This procedure implies that the lower two 
to four concentrations in each series are not used in the 
k3 calculation. The drawn lines in Figure 2 correspond to 
eq 3, and those in Figure 4 correspond to eq 6 and 3, with 
k3 from the last column of Table I. The agreement with 
experimental values is seen to be good, except for the 
lowest concentration of PMA, a = 0.8, where kOH- is ex- 
pected to be dominant. This is thought to be related to 
the approximate character of eq 5 and possibly to the 
uncertainty in k2 (values in the range (3.1-5.5) X lo9 s-l 
(mol/L)-l have been rep~rted.~J 'J~ k3 values obtained from 
experiments with and without excess salt are very similar 
(Table I), indicating that k3 does not strongly depend on 
Ca. 
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Figure 5. Results of experiments on solutions of PAA. Curves 
denoted by I, 11, and I11 correspond to (I) DP = 2100, CY = 0.449, 
(11) DP = 26, CY = 0.494, and (111) DP = 6.3, a = 0.566. (a) 
Exchange rates k, for excess-salt experiments; c, = 1.46, 1.46, 
and 1.47 lil for curves I, 11, and 111, respectively. (b) Exchange 
rates k,, for salt-free solutions. The drawn lines correspond to 
eq 3. 

It is concluded that the use of 7Na+ as an estimate of YH+ 
in eq 7and the use of kl  from the value for dilute acetic 
acid solutions yield a consistent and plausible description 
of the experimental resulta via eq 3. However, if a possible 
influence of the polyelectrolyte on kl is anticipated, upper 
and lower bounds on kl can in some cases be established 
in the following manner. k, may be calculated from (see 

Here, CH+ may be calculated from eq 8, with yH+ taken 
equal to 7Na+ as before. In eq 10, k3 is now varied in the 
range 0 5 k3 I k3,", where the largest possible k3 value, 
k3,", is obtained from k,, at the highest concentration in 
a series (taking kl = 0 at  that concentration). Then, taking 
into account uncertainty margins in k, of f5% and in YH+ 
of &lo%, it follows that 4 X lo9 I kl I 16 X lo9 s-l m-l 
for PAA, CY = 0.3, cp = 0.0029 A. For PMA, a = 0.3, c = 
0.0022 A, it  follows that 8 X lo9 I kl  I 18 X lo9 s-l &. 
From this it is concluded that in these solutions kl cannot 
be drastically different from the value k1 = 9.6 X lo9 s-l 
A-' obtained from experiments on acetic acid solutions. 
For solutions in the higher concentration or a-range, kl 
cannot be confined to a reasonably narrow range in this 
manner. However, there is no indication of a drastic in- 
fluence on kl of added solute. This is in agreement with 
the rather weak dependence of kl on NaCl concentration, 
reported previously.' 

Influence of the Degree of Polymerization. The 
procedures described in the previous section were also 
applied to solutions of PAA of lower degrees of polymer- 
ization. Results are depicted in Figures 5 and 6. The pH 
of the excess-salt solutions was again found to be inde- 
pendent of cp. The k, values obtained are shown in Table 
I. 
A linear dependence of k ,  on c in agreement with eq 

3, is again obtained (see Figure 6g), except for PAA, DP 
= 6.3. From the negative values of k,  at low concentrations 
for DP = 6.3, depicted in Figure 6b, it is concluded that 
the applied activity corrections are inadequate there. This 
is not surprising in view of the low degree of polymeriza- 
tion. The data in Table I show that the molecular weight 
dependence of k3, down to low degrees of polymerization, 
is unimportant. 

'1% 

0 005 010 015 
CP ( m l  

/ 
t 

-30 
0 005 010 015 

C P  iiil) 

Figure 6. Results of experiments on solutions of PAA. Curves 
denoted by I, 11, and I11 refer to the same solutions as in Figure 
5. (a) Experimental pH for salt-free solutions. (b) Corrected 
exchange rates k, for salt-free solutions. The drawn lines cor- 
respond to eq 3 and 6. 

Influence of Added Salt. In Figure 7 results are de- 
picted of experimenta on solutions of PAA, DP = 4100, CY 
= 0.489, cp = 0.011 A, as a function of the concentration 
of added sodium chloride, c,. It is seen that both the 
exchange rate and the pH are strongly dependent on c,. 

These results will be used to demonstrate that, in 
principle, it is possible to obtain hydrogen ion concentra- 
tions and activity coefficients from the experimental ex- 
change rate. For this purpose eq 11 and 12 will be used. 

cH+ = (kH+)exptl/(l/kl) (11) 

Here, (kH+)exptl is the experimentally determined H30+- 
catalyzed exchange rate contribution. 

From cH+ and experimental pH the hydrogen ion act:vity 
coefficient may then be obtained from eq 8. Signifiaant 
results can only be obtained if the k2 term is a minor 
correction, if an independent estimate of k3 is available, 
and if (kH+)exptl is a substantial part of kex. In the case of 
the added-salt experiments discussed in this section, these 
requirements are met. Here, k3 = 80 X lo6 s-l is taken from 
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compared with values calculated from the additivity rule, 
eq 13, which often gives a reasonable estimate of coun- 
terion activity coefficients yc in polyelectrolyte solutions 
with added salt.20 

0 

o /  I 

0 0 0 2 5  0050 0075 
C S  I*] 

I 55 

5 0  1 
1 0 0  

0 75 

Y H +  

0 50 

0 25 

0 

ibl 

0025 0050 0075 
C S  

IC) 

I; f 

1 I I 

0 025 0 050 0 075 
C S  IC1 

Figure 7. Results of experiments on solutions of PAA, DP = 4100, 
(Y = 0.489, cp 0.011 m, as a function of the concentration of 
added sodium chloride, c,: (a) experimental exchange rates hex; 
(b) experimental pH (0) and -log CH+ (A) calculated according 
to eq 11; (c) hydrogen ion activity coefficients y ~ +  calculated from 
eq 8 and 11. The solid line was calculated according to the 
additivity rule, eq 13. 

the value for salt-free PAA solutions at the same a (see 
Table I). 

Values of -log cH+, calculated from eq 11, are depicted 
in Figure 7b. Uncertainty margins in this figure were 
calculated from the uncertainty margins in k,, and k3 of 
f5% and *lo%, respectively. It is seen that the addition 
of small quantities of salt leads to a decrease of -log cH+, 
similar to, but less pronounced than, the decrease of pH. 
In Figure 7c the ~ H + ( c , )  obtained from eq 8 and 11 are 

Here, c, and c, are the concentrations of counterions from 
added simple salt and polyelectrolyte and ys and yp are 
the activity coefficients of the ions in salt solutions without 
polyelectrolyte and in salt-free polyelectrolyte solution, 
respectively. yp = 0.35 was taken from yNa+ reported by 
Costantino et al.15 and ys was taken from ref 21. Exper- 
imental yH+ is seen to be in semiquantitative agreement 
with the additivity rule, the large error margin in yH+ not 
allowing detailed conclusions. The results show the initial 
low value and the pronounced increase of yH+ as a result 
of the addition of a small amount of simple salt, typical 
for activity coefficients of counterions in polyelectrolyte 
solutions. 

The above results show the possibility of obtaining hy- 
drogen ion concentrations and activity coefficients from 
the experimental exchange rate. The uncertainty in such 
results would probably be smaller for experiments at lower 
concentrations and a-values, because then the uncertainty 
in calculated kcooH will be less important. 
Discussion 

General. In the polyelectrolyte solutions investigated 
it was found that the polyelectrolyte contribution to the 
water proton exchange rate, kCOOH, is a linear function of 
c both in salt-free and in excess-salt solutions. From this 
o!kervation it is concluded that kcmH is dominantly caused 
by intramolecular reactions. This is contrary to the situ- 
ation with low molecular weight carboxylic acid solutions, 
where intermolecular proton transfer via solvent between 
COOH and COO- groups was found to be important over 
a similar concentration range. 

The rate constant k3 for intramolecularly catalyzed water 
proton exchange in acetic acid solutions, which is attrib- 
uted to the cyclic process COOH + nH20 F! COOH + 
nH20,22 was previously determined to be (8.6 f 2.3) X lo6 
s-l,l For PAA solutions k3 was found to be 61 X lo6 S-I 
or higher (Table I). I t  is improbable that the cyclic ex- 
change process would be much faster for PAA than for 
acetic acid, where it was found to be relatively unimpor- 
tant. Thus, as suggested previ~usly,~ an important con- 
tribution to k3 is thought to occur as a result of proton 
transfer via solvent between COOH and COO- groups on 
the same polymer chain. 

From the increase of k3 with a ,  which is found for both 
salt-free and excess-salt PAA solutions (see Figure B), it 
is concluded that the average number of nearby COO- 
groups to which a proton may be transferred from a par- 
ticular COOH group is probably an increasing function of 

( k 3 ) P ~ A  was found to be about 5 times smaller than 
(kJPAA over the whole a range. Here, it is not a priori clear 
that transfer between COOH and COO- groups is the 
dominant mechanism, because is only about 2 
times larger than (k3)aceticadd. However, the a-dependences 
of (k3)pMA and (kS)pAA are similar, suggesting a similar 
mechanism. For PMA, as compared to PAA, the disso- 
ciation constant is smaller, the reorientations of the 
polymeric COOH groups are s l o ~ e r , ~ ~ , ~ ~  and the presence 
of the CH3 groups may interfere with the formation of a 
favorable hydrogen bond configuration, necessary for the 
occurrence of proton transfer. All of these factors may be 
envisioned to lead to a smaller k3 for PMA. 

a. 
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Table I1 
Residence Times in COOH and COOD Groups, TCOOH and 

T C O O D ,  in Salt-Free Solutions of PAA (DP = 4100) and 
PMA (DP = 2300) and 71 Values for Anisotropic 

Rotational Diffusion Models Used in the Literature A 
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Figure 8. Rate constants for polyelectrolyte-catalyzed hydrogen 
exchange, k,, as a function of a, obtained from experiments on 
solutions of (A) PAA, DP = 4100, with excess salt, (0) PAA, DP 
= 4100, without added salt, (X) PMA, DP = 2300, with excess 
salt, (+) PMA, DP = 2300, without added salt, and ( 0 )  PMA, 
DP = 5200, without added salt, in 80% D20 (from ref 2). 

Comparison with Previous Results. In previous 
work2 'H exchange rates were determined in solutions of 
PMA, DP = 5200, in "0-enriched H20/D20 mixtures at 
a deuterium mole fraction x = 0.806. k3 values were ob- 
tained by the use of an approximate correction for H30+ 
catalysis. These k3 values are depicted in Figure 8 also. 
The increase of k3 with a is again apparent, whereas the 
absolute values are lower by about a factor of 0.6. This 
may be attributed to the deuterium isotope effect on I t 3 .  
Linear extrapolation to x = 1 yields a total isotope effect 
on k3 for H transfer of 0.5, which is equal to the isotope 
effect on the rate constants for acetic acid catalyzed H 
exchange of 0.51 f 0.07' within the experimental error. 

Halle and PiculelP have investigated proton exchange 
in PAA and PMA solutions from "0 line width mea- 
surements as a function of the pH. With this method a 
significant exchange broadening is only obtained in the pH 
range 6-8. They have interpreted their results with an 
equation analogous to our eq 3 (their eq 5 and 7, with r 
= 2kJ. 

m PAA 
(DP = 3200) and 10.2 X m PMA (DP = 90) solutions 
were performed. Activity corrections were not taken into 
account, and an a-independent rate constant for COOH- 
catalyzed exchange was assumed. The results were, in our 
notation, (k3)pu = 179 x lo6 s-l and = 32.3 x IO6 
s-'. These values are almost 2 times higher than the av- 
erage values obtained in this work. Taking into account 
activity corrections would lead to lower k3 values, bringing 
the values of Halle and Piculell in better agreement with 
the present results. Their ratio (ka)pAA/(k3)PMA = 5.5 is 
about the same ratio that we obtained. 

Weiss et al.4 have studied proton transfer between PAA 
and PMA on the one hand and the indicator phenol red 
on the other by the temperature jump (relaxation) method. 
They report a rate constant of (2 f 1) X lo7 s-l (mol/L)-' 
independent of a, both for PAA (DP = 1000) and PMA 
(DP = 1000). This confirms that carboxylic groups on 
polyelectrolytes may be involved in fast proton-exchange 
processes. As a plausible explanation of the fact that a 
single relaxation time of the chemical equilibrium was 
obtained in all cases, they proposed that fast proton ex- 
change between different parts of the polyelectrolyte might 

Experiments on pure water and on 1.50 X 

TCOOH TCOOD 
in H,O, in D,O, 

solution cy nf4 ns 71, nf4 

PAA 0.8 4.1 17 
0.3 8.2 30 
0 17' 

PMA 0.8 21 77 
0.3 37 134 
0.35 32: 
0 115 

a Calculated from eq 14, with n = 1 and k ,  from Table 
I, last column. Calculated from eq 15. For PAA, 
DP = 19 000, at 28 "CZ3 * For PMA, DP = 4700, at 28 
"C.'4 

take place via a system of hydrogen bonds along the chain. 
Our resulta clearly indicate that mch a process takes place 
via intervening water molecules. Without this intervention 
no contribution to the exchange rate k ,  would be observed. 

Proton Residence Time in a COOH Group. If the 
average number of water molecules via which a proton is 
transferred in the processes responsible for kcooH is de- 
noted n, the residence time of a proton in a COOH group, 
TCOOH, is given by 

TCOOH = [2&/n]-' (14) 

For the cyclic process involving COOH only, n = 2 has 
been prowed. For the transfer between COO- and COOH 
in acetic acid solutions, n = 1 was indicated from the 
observed deuterium isotope effects on the rate constant.' 
For PAA the second process is supposed to be dominant; 
for PMA it is expected to have at  least an important 
contribution to k3 Accordingly, we will use eq 14, with 
n = 1. Results on rCOOH are shown in Table 11. 

It is noted that n could be larger as well as smaller than 
1. The latter is possible if direct proton transfer between 
COOH and COO- groups, which is not detected by the 
method used here, is also important. 

In our laboratory a number of studies were performed 
on the results of solvent deuterium relaxation measure- 
ments on polyelectrolyte solutions in D20.14,23,24 In the 
interpretation of these experiments the COOD motions 
were described in a model of axially symmetric anisotropic 
rotational diffusion. I t  was assumed that the residence 
time of a deuteron in a COOD group is much larger than 
the longer correlation time in the rotational diffusion 
model, rL .  The validity of this assumption will now be 
discussed. 

The deuterium isotope effect on (k3)pm obtained from 
a comparison of the present values in H20 with previously 
determined values in 80% D202 and the corresponding 
isotope effect obtained for acetic acid' were found to be 
equal within the experimental accuracy. Therefore, in the 
calculation of rcoOD in D20 from k3 values in H 2 0  it will 
be assumed that the isotope effects on ~c.0~ for the in- 
vestigated polyelectrolytes and for acetic acid are equal. 
For acetic acid solutions 

(7COOD)D*0 = 3.6(TCOOH)H20 (15) 

has been obtained.' The resulting COOD residence times 
are shown in Table 11. 

The anisotropic rotational diffusion models discussed 
above were applied to PAA solutions for a = OZ3 and to 
PMA solutions for 0 I a 5 0.35.14 Upper limits of the 
deduced i1 are given in the last column of Table 11. From 
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this table it may be concluded that the loss of correlation 
of the quadrupole interaction responsible for deuterium 

caused by the 
rotational motions. Thus the slow-exchange limit with 51, 430. 
respect to the molecular motions may indeed be assumed 
to be valid approximately. Still, the deuterium exchange 

rection on the obtained r l .  

(8) Cohn, E. J.; Heyroth, F. F.; Menkin, M. F. J .  Am. Chem. SOC. 
1928, 50, 696. 

(9) Luz, Z.; Meiboom, S. J .  Chem. Phys. 1963, 39, 366. 
(10) Lankhorst, D.; Schriever, J.; Leyte, J. C. J. Magn. Reson. 1983, 

(11) Lankhorst, D.; Schriever, J.; Leyte, J. C. Ber. Bunsenges. Phys. 
Chem. 1982,86, 215. 

(12) Hahn, E. L.; Maxwell, E. Phys. Rev. 1952, 88, 1070. 

(14) Schriever, J.; Westra, S. W. T.; Leyte, J. C. Ber. Bunsenges. 
Phys. Chem. 1977,81, 287. 

(15) Costantino, L.; Crescenzi, V.; Quadrifoglio, F.; Vitagliano, V. 
J.  Polym. Sci., Part A2 1967, 5, 771. 

(17) Luz, Z.; Meiboom, S. J .  Am. Chem. SOC. 1964, 86, 4766. 
(18) Harned, H. S.; Robinson, R. A. Trans. Faraday Soc. 1940,36, 

in a ‘‘OD group is 

probably be taken into account by at least a cor- (13) McConnell, H. M. J. Chem. Phys, 1958, 28, 430. 

Acknowledgment. This work has been carried out 
under the auspices of The Netherlands Foundation for 

Of Pure 
Chemic- Research (SON) with financial aid from the (16) O k u h  T.; Nishizaki, Y.; Ise, N. J.  Phys. Chem. 1965,69,3690. 

Organization for the 
Science (ZWO). 973. 

Registry No. Poly(acry1ic acid) (homopolymer), 9003-01-4; 
poly(methacry1ic acid) (homopolymer), 25087-26-7. 

References and Notes 
(1) Lankhorst, D.; Schriever, J.; Leyte, J. C. Chem. Phys. 1983, 77, 

319. 
(2) Schriever, J.; Leyte, J. C. Chem. Phys. 1977, 21, 265. 
(3) Halle, B.; Piculell, L. J. Chem. SOC., Faraday Trans. 1982, 78, 

255. 
(4) Weiss, S.; Diebler, H.; Michaeli, I. J .  Phys. Chem. 1971, 75, 

267. 
(5) Selier, P. Thesis, University of Leiden, 1965; Duiser, J. A. 

Thesis, University of Leiden, 1965. 
(6) Craig, L. C.; King, T. P. J.  Am. Chem. SOC. 1955, 77, 6620. 
(7) Illingworth, J. A. Biochem. J.  1981, 195, 259. 

(19) (a) Meiboom, S. J .  Chem. Phys. 1961, 34, 375. (b) Loewen- 
stein, A.; Szoke, A. J.  Am. Chem. SOC. 1962,84,1151. (c) Glick, 
R. E.; Tewari, K. C. J.  Chem. Phys. 1966,44,546. (d) Rabi- 
deau, S. W.; Hecht, H. G. Ibid. 1967,47,544. (e) Turner, D. 
L. Mol. Phys. 1980, 40, 949. (0 Halle, B. Thesis, University 
of Lund, Sweden, 1981, Chapter 6. 

(20) Oosawa, F. “Polyelectrolytes”; Marcel Dekker: New York, 
1971; p 88. 

(21) Harned, H. S.; Owen, B. B. “The Physical Chemistry of Elec- 
trolyte Solutions”; Reinhold Publishing Co.: New York, 1958; 
p 488. 

(22) Luz, Z.; Meiboom, S. J.  Am. Chem. SOC. 1963,85, 3923. 
(23) Klink, J. J. van der; Schriever, J.; Leyte, J. C. Ber. Bunsenges. 

Phys. Chem. 1974, 78,369. 
(24) Schriever, J.; Zuiderweg, L. H.; Leyte, J. C. Mol. Phys. 1977, 

34, 635. 

Molecular and Crystal Structure of Dextrans: A Combined 
Electron and X-ray Diffraction Study. 1. The Anhydrous 
High-Temperature Polymorph? 
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ABSTRACT The crystal and molecular structure of an anhydrous polymorph of a linear, synthetic dextran 
has been determined through a combined electron and X-ray diffraction analysis and stereochemical model 
refinement. Electron diffraction data corrected for beam damage were obtained from lamellar single crystals 
grown from dilute solution and included hkO data to  a resolution of 1.1 A, as well as selected higher layer 
reflections. The X-ray data in the form of powder pattems were recorded from collections of the same crystals. 
The structure crystallizes in a monoclinic unit cell with parameters a = 9.22 A, b = 9.22 A, c (chain axis) = 
7.78 A, and p = 91.3”. The space group is P21 with the b axis unique. Two antiparallel-packed molecular 
chains pass through the unit cell, and the asymmetric unit contains two glucopyranose residues. The base 
plane of the unit cell is not a t  right angles to the chain axes. The conformation of the molecule is relatively 
extended and ribbon-like, with successive glucopyranose residues in a near-twofold screw relationship. The 
chain conformation is stabilized by one intramolecular hydrogen bond per glucose residue. The chains of 
like polarity pack into sheets with extensive intrasheet hydrogen bonding. The sheets, packed antiparallel, 
are likewise extensively bonded together by intersheet hydrogen bonds. The conformational angles I$, J., and 
w show the I$ angle to be governed by the exo-anomeric effect and the O(6) rotation to be gt. Although the 
structure resides in a stereochemical energy minimum, the actual conformation could not be predicted by 
energy minimization methods. The structure solution was straightforward using combined electron diffraction 
and powder X-ray data, with final residuals R”(e1ectron diffraction) = 0.189 and R(X-ray) = 0.101. 

Introduction polymers and heteropolymen-either in linkage or in sugar 
residue-are included in this Many polymorphs, 

a result, a considerable body of information now exists on 
the structure of these classes of polysaccharides. In the 
course of these studies, sophisticated procedures for 

During the past 15 years, the crystal structures of many 

Both homo- 
naturally occurring (y- and &(1-3)- and -(1-4)-linked PO- and complexes have been characterized, and 
lysaccharides have been determined.’-I 

Part 15 of the series “Packing Analysis of Carbohydrates and crystal structure refinement have been 
Polysaccharides”. dealing both with the interpretation of fiber X-ray dif- 

* AssociB B 1’UniversitZ Scientifique et MBdicale de Grenoble. fraction data and with stereochemical model analysisa8 

0024-9297/84/2217-OlOO$O1.50/0 0 1984 American Chemical Society 


