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CHAPTER 1.

INTRODUCTION

The investigation of dynamic properties of small species (molecules and

ions) as pure liquid and in solution by means of nuclear magnetic relaxation,

has become an important field of research.Even in the highest magnetic field

available at present (viz. 84.5 kG), the relaxation rates of nuclei in those

systems are in general not frequency dependent, due to the shortness of the

correlation times relative to the Larmor frequency.Exceptions occur when the

interaction is field dependent (viz. the anisotropy of the chemical shift) or

when the modulation of the interaction is not fast, relative to the Larmor

frequency (viz. exchange processes).In recent years, the use of nuclear mag-

netic relaxation as a tool in the research of macromolecular solutions has

grown substantially, in particular since the application of Fourier Transform

13
techniques in C magnetic resonance.However, not much attention has been paid

to the possibility of obtaining relaxation rates at several magnetic field

values.Due to the timescales involved in macromolecular dynamics, a frequency

dependence of the magnetic relaxation rates has to be expected.

The aim of this thesis is to investigate the amount and significance of
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the information that can be extracted from the study of the frequency depen-

dence of magnetic relaxation rates in solutions of a synthetic macromolecule.

Solutions of polyCmethácrylic ácid), PMA, ̂iri water were chosen as the object

of the present work for the following reasons.The degree of dissociation of

this weak polyacid is small in aqueous solutions.On the addition of a strong

base (e.g. sodium hydroxide), the carbox^lic groups are dissociated and the

mac.roion becomes negatively charged to an increasing degree.The increase of

polymer charge is accompanied by conformational changes that may be expected

to have consequences for the microdynamical properties.The changes of solu-

tion properties of PMA as a function of the macroion charge has been studied

extensively (in our laboratory, among others).The suitability of PMA for this

type of work also results from its monomeric structure ([-CH_-CCH_COOH-] ).

It is charachterized by the presence of two side groups (viz. the ot-methyl

and the ot-acid group) and by the possibility of using isotope substituted

species, yielding single line resonances (e.g.the deuteration of the methy-

lene group).In PMA therefore, several nuclei are present of which the longi-

tudinal and transverse relaxation rates at a set of magnetic field values

can be obtained.These relaxation data from diferently placed nuclei in PMA

yield in principle, complementary information about changes in the micro-

dynamics of the macroion as a function of its charge.

In chapter 2, a short survey of nuclear magnetic relaxation in solutions

of simple macromolecules is presented.The experimental results of the present

study are given in chapters 3-7 in a form similar to the papers on these sub-

jects.Chapter 3 shows the results obtained by continuous wave experiments on

PMA solutions (viz. the information about the transverse relaxation from

line width analysis of 60 MHz proton spectra).The topic of chapter 4 is the

use of water enriched in 0 in magnetic relaxation studies; the results of

the determination of hydrogen lifetimes in aqueous solutions of acetic acid



and polyCmethacrylic acid) are given.Chapter 5 deals with the possibility of

obtaining information about the dynamics of deuterons in the acid side groups

of weak polyacids by measuring deuteron relaxation in heavy water solutions

of those acids.In chapter 6 the use of deuteron relaxation rate,,experiments

on solutions of selectively methylene deuterated polyCmethacrylic acid),

[-CD„-CCH_COOH-] , is demonstrated and the backbone methylene C-atom motion

is charachterized.Chapter 7 is dedicated to the magnetic relaxation of nuclei

in the side groups of methylene deuterated PMA, viz. protons in the methyl-

and deuterons in the acid side groups.Finally, in chapter 8 the results of

the preceeding chapters 3-7 are discussed, some additional experimental re-

sults are presented and suggestions to improve and extend the present work

are given.
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CHAPTER 2.

NUCLEAR MAGNETIC RELAXATION IN SOLUTIONS OF MACROMOLECULES.

1.NUCLEAR MAGNETIC RESONANCE EXPERIMENTS.

In order to understand the application of CW (continuous wave) and pulsed

nuclear magnetic resonance techniques, a classical description suffices.In an

external magnetic field H the classical equation of motion for a magnetic mo-

ment y i having an angular momentum p = Y U> is

ITNY-ÍKTT (D

A transformation to rotating coordinates yields

3ty = W -̂ H + y

where US is introduced to define a reference frame rotating with an angular

(2)

velocity ui with respect to the laboratory frame and where s \i is computed in

the rotating frame.If the field H is a static field H (with magnitude H ) ,

the precessional frequency ti) =-yH is called the Larmor frequency.

In eq. (1) an effective field, H may be defined according to

if -tt
e

(3)
e Y

Now in a continuous wave experiment or during preparative RF pulses, besides

the static magnetic field H along the 1 -axis, a magnetic field H. is present
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perpendicular to H with a component rotating around the 1 -axis with angular

frequency w.If the relavant rotating field component, with a magnitude H., is

defined along the 1 -axis of the rotating frame, then the effective field in

this frame is given by

H = (H + a) 1
e o Y

(4)

Inspection of eq.(4) shows that the application of a magnetic field H. rota-

ting with the Larmor frequency (w = w ), results in an effective field in the

rotating frame equal to the magnitude of the rotating field.If we limit the

durat ion of H to a time T such that

-YH.T = TT/2 (5)

we. have applied a so called ïï/2 pulse.This H. field pulse results ir -: magne-

tic moment at right angles with respect to H , as can be seen from eq,(l) and

eq.(4).Since this situation is a non-equilibrium one, there will follow rela-

xation towards equilibrium; in magnetic relaxation there are two different

rates involved, viz.the longitudinal and the transverse relaxation rate.The

observed magnetization after a ïï/2 pulse disappears as result of H -inhomoge-

nieties in addition to the transverse relaxation processes.This H -imperfec-

tion gives rise to different Larmor frequencies in different parts of the

sample, leading to an additional decay of the observad signal.

In this thesis, experimental results are reported as obtained by several

well-known methods: the application of a continuous weak H. field (to obtain

by CW metods the nmr spectrum), the use of one short ïï/2 pulse (to obtain the

free induction decay), of different pulse sequences (to obtain the relaxation

rates) and of a H.-pulse sequence together with magnetic field gradient pulses

(to obtain the selfdiffusion coefficient)^1 '.

A H -pulse may be used to obtain a non-equilibrium situation for the mag-

netic moment, a situation that is removed by relaxation.In solution the nu-

clear spins are only weakly coupled and the discription of the relaxation in

weakly coupled systems was already proposed in one of the first years of nu-



clear magnetic resonance by Bloembergen, Purcell and Pound in the so called

"BPP-paper .The Hamilton operator of the spin system contains time-depen-

dent terms, due to the time evolution of the lattice (or "bath") parameters,

formed by all degrees of freedom, except the spin system.If the spectral den-

sity connected with this natural time evolution,has sufficient amplitudes- at

frequencies fitting the spin system, relaxation will occur; efficiently.This

follows from the application of pertübation theory to the second order, using

the spin-lattice coupling terms as a pertubation.Extensive treatments on the

Í7 8 9}
methods involved are given by Abragam, Hubbard and Athertonv

Of the many interactions possible in magnetic relaxation,we will encoun-

ter magnetic dipolar interaction (in chapters 3,4, 5 and 7), electric quadru-

polar interaction (in chapter 5, 6 and 7) and spin-spin scalar interaction

(in chapter 4) .A description of magnetic relaxation, due to those interactions

is given in the chapters mentioned.

2.RELAXATION RATES IN POLYACID SOLUTIONS.

The essential difference between magnetic relaxation of nuclei incorpora-

ted in macromolecules, with respect to nuclei in small molecules, is the slow-

ness of the reorientational processes in the first systems, with respect to

these processes in the latter systems.In,contrast to the situation in small

molecules, the reorientational correlation times in macromolecules are com-

parable or even (much) larger than the reciprocal Larmór frequencies at the

usual magnetic fields (of the order 10 kG).If the modulations of the important

interactions are due to these reorientational processes, then the relaxation

rates become dependent on the Larmor frequency, iß .The longitudinal relaxa-

tion rate will be larg^ compared with the values found in systems of sma) 1

molecules, unless all effective correlation times are very long with respect

to the reciprocal Larmor frequency involved.The transverse relaxation rate is

always very large in the macromolecular systems, relative to the values found



in systems of small molecules.

In molecular systems, the relaxation of deuterons is due to the interac-

tion of the nuclear quadrupole moment with the,electric field gradient ari-

sing from the non-spherical symmetry of: the electron distribution in the

chemical bond.If the deuterons are magnetically equivalent in the molecule

studied, then they form a straightforward probe for rotational processes,

since! their relaxation rates monitor directly the rotations of the chemical

bond involved.Table I gives an impression of the deuteron magnetic relaxation

rates in various systems.More details on deuteron relaxation in macromolecu-

les can I-e found in chapters 5, 6 and 7 of the present thesis.

TABLE 1

Deuteron relaxation rates, in sec , in solutions of small and large mole-

cules at Larmor frequencies V and v' , molar fraction of the molecules X

and at temperature T.

system X„ T

C°c)
h' h' reference

pure D O

PMO/HFIP

s-CD

1^

1

0

0

.07

.07

2x10~2

5

5

1x10-'

•8xlO~3

•8xlO~3

25

25

25

25

45

28

28

9.2

5.0

5.0

14

15.4

9.2

9.2

2.40 -

3.6 -

5.4 -

0.9 -

80

5.3 1

1000 2

11.4 3.4 9.1 14.1

a

b

b

c

d

e

£

1) polydnethylene oxide), PM0, in hexafluoro-2-propanol, HFIP;

the molecular weight of PMO was .7 xlO

2) a solution of syndiotactic jinethylene deuterated poly(methacrylic acid),

s-CDJPMA. at a degree of neutralization, a', equals 0.16 (details on the

molecule are given in chapter 6); here the deuteron relaxation is given
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in COOD/D-0 sites.

3) a H O solution at the same a' as in 2); here the deuteron relaxation in

CD sites.

References:

a This thesis, chapter 5

b H.G.Hertz und M.D.Zeidler, Ber.Bunsenges.physik.Chem. ,j38_, 821 (1964)

c E.v.Goldammer and M.D.Zeidler. ibid., 73.» * (1969)

d G.Hermann'and G.Weill, macromol., £, 171 (1975)

e This thesis, chapter 7

f This thesis, chapter 6

In most macromolecular systems the relaxation of protons is due to mag-

netic dipolar interactions between the protons.Since almost always magneti-

cally different protons (e.g.CH„ and CH2 protons) are present in the macro-

molecule, there will be several transverse relaxation rates.The longitudinal

relaxation, however, is in most cases found to be well represented by a

single exponential, due to spin-diffusion (a process in which diffusion of

nuclear spin energy is assumed in the direction of relaxation sinks, viz.

protons having efficient longitudinal relaxation

As is discussed in references 7 and 8, the relaxation rates of more than

two protons of one molecular sub-system (e.g.a CH group) should in principle

be tionexponential, due to cross-correlation.By deuteration the methylene

group of PMA., a macromolecular system with isolated 3-spin groups (viz.CH.)

was obtained.The longitudinal and transverse relaxation of protons in solur

tions of syndiotactic, selectively deutereted PMA., s-CD.PMA, have been measu-

red and results af 60 MHz and 28°C are given in fig. la and fig.2a. These fi-

gures show that the nonexponential^-behaviour, due to the effects of cross-

correlation, are much more pronounced in the transverse relaxation than in

the longitudinal relaxation, as was predicted in the litterature^ .The so-

lid,dotted and broken lines are resp. the experimental results, the slopes des-

cribed in chapter 7 and the result of calculations according to ref. 15.
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Fig . l . ln(MQ-Mz(t))/2Mo vs time at 60Mhz and 28 C.

a:s-CD PMA, ot'=O.16, X2=5.8xl0~3;tangent (broken line) accord, ch.7

0 -*.

.0.5-

b:s-PMA, a'=0.?6, X2=5.8xl0 ; f i t (broken line) 71= 21.3 sec."1

0 _

-0.5 _

-1 -

-i.5 _

. 1 .

.4.5

O 20 40 60 8o

c: PAA, 0i'=0.215, X =1,lxlO"2;fit (broken line) T~l =

-0.2-

-0 .4 .

• 0 . 6 .

-o .a .

-i „

. 1 .2 .

-1.4
—r
10 60

s e c

loo msec.

" 1

"—I
loo mtcc.
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Fig.2. la(M (t)/M: (t=0)) vs time at 60 Mhz and 28 C.

a:s-CD2PMA, a'=0.16, X =5.8x10 ;tangent (dotted) and fit (broken line;
according to the text.

b:s-PMA, a'=0.16, X =5.8x10 ; fit (broken line) T =365 and 77 sec '.
o ¿ ¿

10 m«e.

0_

.0.5.

c: PAA, a'=0.21 , X =1.1x10 ;fit (broken line) T 2 = 26.3 sec.

'o m««c.
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In poly(methacrylic acid), PMA, there are an a-CH and a CH2 group per

monomeric unit.On the basis of spin-diffusion therefore, a single exponential

relaxation behaviour is to be expected for the longitudinal relaxation, while

the transverse relaxation should be given by the sum of two exponential time

functions with pre-exponential factors of 0.4 and 0,6.Experiments on syndio-

tactic PMA, s-PMA, at 60 Mhz and 28°C are found to be in agreement with these

expectations, as can be seen in fig.lb and fig.2b.

Inspection of fig.la,b and fig.2a,b show that the effects of cross-corre-

lation are strongly diminished in a multiple, unlike spin system (viz.non-

de'uterated PMA), a result found many timer in nuclear magnetic relaxation

work on tnacromolecular solutions.

In poly(acrylic acid), PAA, there are an a-H and a CH_ group per monome-

ric unit.Here it was found that even the transverse relaxation shows a single

exponential time dependence as far as can be judged presently; this was ob-

served at Larmor frequencies of 60 and 16 Mhz in a whole range (0.00-1.00)

of degrees of neutralization, a', of this polyacid.Fig.lc and fig.2c show

the results of 60 Mhz experiments; it has to be noted that in the case of

PAA the transverse relaxation rate was obtained by the CPGM method, with a

pulse spacing of 0.14 msec.

Table 2 gives an impression of proton magnetic relaxation rates in va-

rious systems.More details on proton relaxation in macromolecular solutions

can be found in chapters 3, 7 and 8.

The data presented in Tables 1 and 2, and in fig.l and 2 have been pre-

sented to give a general impression of the features of nuclear magnetic re-

laxation in solutions of simple macrömolecules.The phenomena encountered are

large relaxation rates (due to the long correlation times involved) , spin-

diffusion (yielding exponential relaxation in systems with unlike spins) and

cross-correlation effects (yielding nonexponential relaxation in systems with

only like spins).
15



TABLE 2

Proton relaxation rates, in sec , in solutions of small and large molecules

at Larmor frequencies V Q and v', molar fraction of the molecules X2 and at

temperature T.

system
o

(MHz;

V! T,o 1
(MHz) (v

;' h' reference

pure H20

C2H5COOH/D2O

C2H5C00K/D2O

PEO/D^'^

s-CD2PMA/D2O
2

s-PMA/D 0 2 )

1

0.10

0.13

3.5xlO~2

* 5.8xlO~3

5.8xlO~3

25

25

25

25

28

28

60

20

20

60

60

60

0.30

0.20

0.31

2.33

233>

2.A>

-

-

4.0

1003) 4

77/3654) -

- - a

b

- b

- - c

1203) 1903) d

-

1) poly(ethylene oxide), PEO, of a molecular weight 0.3x10 .

2) syndiotactic poly(methacrylic acid) at a degree of neutralization, ot ',

equals Q.16; details on molecules are given in Chapters 3 and 6 respec-

tively.

3) slope of the tangents, determined as described in chapter 7.

4) the two T -values belong to the CH„ and CH_ protons respectively; due
¿ _j ó ¿

to spin diffusion only one T is obtained (see fig.2b).

a. This thesis, chapter 5.

b. H.G.Hertz und M.D.Zeidler, Ber.Bunsenges.physik.Chem., 68_, 821 (1964).

c. K.J.Liu and R.Ullman, J.Chem.Phys., 48_, 1158,(1968) .

d. This thesis , chapter 7.

e. This thes is , chapter 2.
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CHAPTER 3

CW NMR IN PMA. CH3 UNE WIDTHS

1. INTRODUCTION

The potentiometric titration curves of poly(methacrylic acid), PMA,

differ markedly from the curves obtained by titration of the non a-substi-

(1-4)

tuted polyvinylic acid (poly(acrylic acid), PAA) . The deviation en-

countered in PMA solutions, relative to PAA solutions, has been discussed

in terms of a transition between sets of different conformations, a transi-

tion which is induced by increasing the degree of neutralization, a1, in the

range 0-0.4. Acquisition of microdynamical characteristics of these systems

is the objection of a NMR investigation,part of which is reported on here.The

present paper reports some results of the application of nuclear magnetic

resonance, viz. the determination of methyl-proton linewidth and the macro-

molecular selfdiffusion coefficient in D„0 solutions of PMA, part of the

linewidth results were published previously ; In a recent paper values of

the linewidth of the PMA. methyl-protons were published, but they were deter-

mined at lower temperature and at a high concentration only .

18



2. EXPERIMENTAL

.(7)
Atactic PMA was synthesized and fractionated as described before . The

viscosity averaged molecular weight of PMA was 0.22x10 . Syndiotactic PMA

was synthesized by hydrolysis of the corresponding iñethylester, PMMA, by

means of heating a solution of PMMA in concentrated H.SO , (96 volume % ) , at

a temperature of 65°C and during a period of four hours in a nitrogen atmos-

phere. Afterwards the obtained solution was poured into ice, diluted with

water and the precipitate was filtered off. A pure PMA solutions in water

was obtained by repeatedly dialyzing the mixture of the precipitate and

fresh water. The syndiotactic PMMA was kindly provided by Dr D.Heikens

(Department of chemical Technology, Technische Hogeschool, Eindt"—en, the

Netherlands). The synthesysis and fractionation of the syndiotactic PMMA

is described elsewhere . The viscosity averaged molecular weight of syndio-

tactic PMMA was 0.24x10 and the percentage of syndiotactic triads was 85%,

as determined by integration of the methyl-proton magnetic resonance spectrum

at 100 MHz and 80°G of a CDC1 solution of PMMA. All NMR samples were pre-

pared by mixing calculated amounts of stock solutions of the polyacid and

the sodium polysalt in D_0, using acid- and salt solutions of the same concen-

tration. Due to the relatively fest relaxation rates of the PMA methyl-protons

it is unnecessary to replace dissolved oxygen by nitrogen or helium. CW NMR

spectra were- obtained from samples contained in tubes of 5 mm diameter,

while selfdiffusion experiments were performed with sample tubes of 10 mm
3

diameter. Sample volumes were approx. 0.7 and 1.5 cm respectively.

The CW proton spectra of PMA were measured with a Varian DA-60 spectro-

meter, operating in the field sweep-mode and using such H.-field strengths,

sweep rates and filter settings that no distortion of the proton resonances

occured. The magnetic field/rf frequency relation was maintained by locking

internally on the signal from the protons exchanging between water and poly-
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acid. The field imhomogeniety was approx. 0.2 Hz, as determined by the proton

linewidtii of O-dichlorobenzene. Sample temperature was controlled by the use

of a Varian temperature unit, using thermostated nitrogen gas.

The PMA selfdiffusion coefficients were obtained from the results of the

pulsed gradient technique, using a Bruker pulsed gradient apparatus and a

Bruker spectrometer. The experiments were performed in a Varian 12-inch

magnet, controlled by a Varian flux stabilizer and a Bruker pulsed-NMR lock

at a field of 14.21 kG., using a home-made gas thermostated probe head at a

temperature of 83 C. Further details of the application and calibration of

(9)

the pulsed gradient experiments were given elsewhere . In contrast to the

procedure reported in reference 9, we have obtained an absolute scale of

the diffusion coefficient by measuring the echo attenuation of polymer protons

and heavy water deuterons using, except for the Larmor frequency, identical

settings (the only difference in probe head configuration was the addition

of an extra capacitor which switches the probe head resonance condition

between 60 and 9.2 MHz). The impossibility of calibration on a H_0 sample is

caused by the narrow gradient pulses required in the H?0 experiments. (For

PMA selfdiffusion experiments approx. 3 msec, gradient pulses are used, while

in H O experiments the pulse length is only 0.5 ms).

3. RESULTS AND DISCUSSION

Fig. 1 and 2 show the NMR spectra of solutions of atactic and syndiotactic

PMA in D O at 60 MHz and 80°C at a'=0.21 and 0.32 respectively and at con-

-3 -3
centrations: X2=1.4xl0 and 1.3x10 respectively, where X is the PMA

molar fractiou on a monomeric base. Although the spin-spin coupling of the

methyl protons to the methylene protons is too small to be relevant in the

present work, the methyl- and the methylene proton resonances show multiplet
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structure, due to differences in configuration. In first order the CH and

CH multiplets can be interpreted in terms of triads (three monomeric units)

and diads (two monomeric units) respectively.

Fig. 1. The 60 MHz lH spectrum of a Fig. 2. The 60 MHz !H spectrum of

solution of a-PMA in D O at 80°C

a'=0.21 and X2= 1.4 x 10~
3.

a solution of s-PMA in Do0 at 80°C.

a'= 0.32 and X2= 1.3 x 10
-A

i

f

•f

According to this triad and diad statistics,the magnetic nonequivalence of

the protons yields already three CH„ singlets, due to isotactic, heterotac-

tic and syndiotactic triad placements, a CH2 singlet, due to syndiotactic

diad placements and a CH„ double doublet, due to isotactic diad placements .

While in PMMA, the methylester of PMA, the multiplet structure of the CH„

and CH resonances are clearly observable, this is not so in pyridine, form-

amide or dimethylsulfoxide solutions of PMA, due to the broadness of the

resonance lines.In diaiethylformamide solutions of PMA, however, one observes

well resolved resonance lines of the CH„ and CH„ protons . In D„0 solutions

of a-PMA the resonance line of the methyl protons is broadened and sometimes

split in two resonances (of methylprotons in heterotactic and syndiotactic

21
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configurations), depending on the value of a'; the resonance of the CH

protons remains one broad signal at all a'-values.

It has been shown that the configuration of vinyl polymers can be des-

cribed by a single parameter a, which gives the probability for an isotactic

placement^ ', In the present case we have measured spectra of atactic PMA,

a-PMA and syndiotactic PMA, s-PMA. Integration of the a-CH, resonance lines

in CDCL. solutions of the methyl ester of a-PMA and s-PMA gives Lhe value

of ö in the two cases; a value of 0.25 and 0.08 respectively was obtained.

Using the obtained value of 0 one can calculate the amount of CH, a id CH.

groups in each of the triad and diad configurations. Besides the distribution

of CH. or CH. groups among the different configurations, the relative shifts

and linewidths within a group of CH. or CH„ resonance lines will determine

the overall shape of the CH. or CH. resonance. Although it is found in

toluene solutions of PMMA that carbons differing in configurational place-

13 02)

ment have unequal C longitudinal relaxation rates. "» we will use the same

linewidth for the methyl-proton linewidths of methyl protons in syndiotactic,

heterotactic and isotactic placements. Since the amount of isotactic place-

ments is low (6 and 1% at 0=0.25 and 0.08 respectively, the values in
13

a-PMA and s-PMA) and since the difference in C-relaxation rates is only

between isotactic and syndiotactic/heterotactic carbons substantial, the

use of a single value for the individual methyl linewidth will cause only

a minor error.

In PMA, as in small weak acids, the chemical shifts will depend on the

degree of neutralization, a'. For instance, the magnetic difference between

the two CH. protons disappears at increasing a', leading to a collapse of

the isotactic CH, double doublet; the chemical shift difference between the

CH and CH„ protons in s-PMA at otf=O.OO or a'=1.00 is approx. 0.9 or 0.7 ppm

respectively. We have made the following estimate for the a'-dependent
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chemical shift differences between CH„ protons in syndio- and heterotactic

placements'.0.15 ppm at a'=0.00, 0.10 ppm at a' > 0.25 and a linear a'-depen-

dence in the range 0.00-0.25. This estimate, was based on the slope of the

a'-dependent chemical shift of the CH protons in an isotactic placement

(the relative shift of the two nonequivalent protons is accurately known at

the low a'-values involved), and using tha observed shift between CH„ protons

in syndiotactic and heterotactic placements found in a 220 MHz spectrum of

a D O solution of s-PMA at ot'=Q.18 and 75°C (in that .case, the different

CH- resonances are distinctly separated) to scale the shift in ppm. The

result is in fair agreement with litteraiure data of H-chemical shifts in

PMMA solutions ' • Due to the complicated structure of the CH„ resonance

and the strong dependence of the multiplet structure on ex', only the a-CH_

resonance lines will be discussed.

Computer simulations were made of c-CH, proton resonances on the basis

of Lorentzian lineshapes, using as parameter the same linewidth for the

protons in the three triad placements. The relative intensities were deter-

mined by the value of the tacticity parameter CT and the relative chemical

shifts were derived from the relation given above (assuming additionally

that the chemical shift difference between protons in isotactic and hetero-

tactic placements is the same as between protons in heterotactic and syn-

diotactic placements). It 'should be noted that in reference 6, the total

CH linewidths in D„0 solutions of atactic PMA. are given (and not the CH

linewidth in terms of one triad placement); they were obtained by applying

a computational procedure to resolve the overlapping CH„ and CH resonances

(at 35°C and J00 MHz). At 80°C, the CH3 and CH resonances are sufficiently

narrow to eliminate this overlap, even at 60 MHz. The influence of the temp-

erature on the observed total methyl iinewidth and on the linewidth of a

methyl group in one triad placement (denoted by Av-fit) in three PMA solu-
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tions is given in Table 1.

TABLE 1.

Observed overall GH.,-linewidth and fit-GH„ linewidth in three PMA solutions

as a.function of the temperature at 60 MHz.

a-PMA;a'=0.50;X2=2.0xl0"
2 s-PMA;a'=0.07;X2=l.3xI0~

3 s-PMA;d=O.18;X2=1.3xl0~

T(°C) Av-obsvd H z Av-fit AV-obsvd H z Av-fit H z AV-obsvd H z Av-fit H z

50

60

70

80

88

96

16

14

13

12,5

11

11

10

8

7.5

7

6

5.5

22

18.5

15

12.5

19

15

12.5

10

16

13.5

10.5

13

11.5

9.5

7.5

Arrhenius plots of Av-fit, in the small temperature range involved, yield

energies of activation of 3.0, 3.9 and 4.1 Kcal per mole for {a-PMA,

al=O.5O},{s-PMA,al=O.O7} and {s-PMA,a'=0.18} respectively. In Fig.3 we have

plotted Av-fit as a function of a' for D„0 solutions of a-PMA at three

concentrations (X2=l.4xl0~
3, X =4.7xlO~3 and l.lxio"2), 60 MHz and 80°C.

Before discussing these linewidths in terms of macromoiacular dynamics, one

has to show that the contribution from water protons to the methyl proton

relaxation is negligible. Table 2, in which five observed linewidths and

their corresponding Av-fit are given as a function of the D 0/H.O composit-

ion, shows that this water contribution is negligible indeed. There exists,

however, a more serious problem connected with the interpretation _Z

Av-fit in terms of PMA dynamics. The transverse relaxation of PMA methyl

protons is dominated by magnetic dipolar interaction, but neither all

the relevant protons involved in the dipolar interactions nor the motions

<.i

I

'-'3

i
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Fig. 3.

Ihe obtained Av-fit ( Hz) of CH protons in D O solutions of a-PMA. at

60 MHz and 80 C as a function of oi'at three different a-PMA. concentrations

5.

0.5
OÍ'

j
1.0

'A
£

O : X2=1.4xl0 ,g X2=l.lxl0

25



TABLE 2

Observed overall CH -linewidth and fit-CH_ linewidth in five atactic PMA

solutions as a function of the isotope composition of water (D 0/L 0);

60 MHz, 80 C, a'=0.50 and-X^

[H20]

Av-obsvd (Hz)

12.4

12.2

12.5

12.1

12.5

Av-fit (Hz)

7.0

7.0

7.0

7.0

7.0

2.7 x 10

0.16

0.37

0.48

0.69

~2

(nor the motions)

of these proton-proton vectors are known. The knowledge of the PMA configura-

tion is not sufficient to determine the time dependent length and direction

of the vectors between the CH proton and protons of other CH - an<* CH -groups,

since all those vectors change by internal rotations. The number of relevant

protons interacting with the CH. proton is limited by their distance to the

CH- proton and by the time dependence of the orientations of those vectors.

Two papers will be published shortly, in which we report on the frequency

dependent longitudinal and transverse relaxation of CH -protons, CD -deuter-

ons and COOD-deuterons in water solutions of selectively deuterated, syndio-

tactic PMA, s-PMA^ ' ^. It turns out that it is not possible to describe

the rotation of the "interaction vector" (viz., H-H vectors in CH -groups;

C-0 vector in CD -group; 0-D vector in COOD-group) by a single correlation

time. It was necessary to introduce an anisotropic motion of the backbone

carbon atom ( represented by the two elements of a cylindrically symmetric

rotational diffusion fensor) and to contribute an additional internal rota-

tion to the CH^-group, relative to the backbone motion. Even in the limit
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of only intra CH -group dipolar interaction one obtains the following

expression for the methyl proton transverse relaxation rate (neglecting

cross-correlation)

kpg.1.2 1=0,2 c k l T k l (1)

where u0 is the Larmor frequency, r is the H-H distance, c are functions

of the angle between the diffusion tensor symmetry axes and the C-CH„ bond,

and T. are functions of the three diffusion constants (Di and O» for the

"backbone tensor" and D for the internal rotational diffusion). The frequency

function f 2 ^ V
T k P is siven by

>'lkr
(2)

Further details on the model used, and the precize definition of c, .. and

T, . can be found in reference 14 and in the litterature .
kl

In the present case the transverse relaxation rate is obtained at one

frequency (60 MHz) only, according to T. =ir.Av. Apart from the necessity to

introduce anisotropic reorientation (as described in eq.(l)), one should

in principle take account of the interactions between CH -protons and C" -

protons; the latter protons were absent in the s-CD„PMA. used in the study

(14)
on the frequency dependent CH„-proton relaxation . Assuming that these

additional interactions are of minor importance only, the possibility of a

meaningfull interpretation of the a'-dependence of the one available

quantity (AV-fit) is still questionable.

It was shown previously that the a'-dependence of the observed transverse

relaxation rate (and so of Av-fit) is to a large degree determined by the

change in one correlation time, TO£=[6DI ] ), at least in the a'-range below
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0.40 » Therefore some information may be obtained from the linewidth data.

The dependence of Av-fit on a'(for a'<0.4) and on the concentration, as given

in Fig.3, can be interpreted as the behaviour of T0Q. Fig.3 shows that Too

decreases strongly with a1 at constant concentration, and increases with

the concentration at a constant ct'-value. The small component (Qj ) in the

effective diffusion tensor therefore increases when the polymers unfold.

The effects on Av-fitin the higher a'-range suggest that there Av-fit de-

dreases with the concentration at constant a'. Since the frequency dependent

(14)
study was performed at one concentration , and since the effects found at

hieh ct' are small, we are at the present unable to give an interpretation.

In Fig.4 we have plotted ir,A -fit of s-PMA as a function of a', at

60 MHz, 80°C and X =1.3xlO~3; together with T~' at 60 MHz, 80°C and X2=

5.8x10 (according to results given in reference 14).

Inspection of Av~fit, as given in Fig.3 and Fig. 4, shows that the

decrease of Av~fit with a' is much slower in a solution of s-PMA than in a

solution of a-PMA at a corresponding concentration (in fact the minimum

value of Av~fit is in an a-PMA. solution reached at the same a'-value for

an approx. tenfold higher concentration than in a s-PMA. solution). The

minimum values of Av-fit are, however, about equal (~ 6 Hz); Fig.3 shows

that in a solution of a-PMA this minimum value is independent of the concen-

tration. The transverse relaxation rate, T , obtained from spin-echo

experiments on solutions of s-CD PMA, but at much higher concentration

-3 _3

(X =5.8x10 instead of 1.3x10 ) is, above a a'-value of approx. 0.10,

smaller than ir.AV-fit. This result is in contrast with the concentration

dependence shown in Fig.3, in the a'-range 0.10-0.50. This may be due to

the possible contribution of the CH? protons to the relaxation of the CH,

protons in the lower a'-range where the conformations of PMA are known to

be relatively compact.
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Fig. 4.

The transverse relaxation rate, as given by ir.Av-fit and T„ ( sec ),

of CH, protons in D„0 solutions of s-PMA. at 60 MHz and 80°C; the relative

selfdiffusion coefficient, D of s-PMA. at 83°C and the relative diffusiti-

vity, D, of a-PMA at 25°C as function of a1.

O:ir.Av-£it, X ^

and O : D-relative.

, X2=5.8xl0 X2=6.9xI0~
3
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This would explain the observed differences at low a'-values, while at high

a'-values the previously noted (in solutions of a-PMA) tendency of decreasing

relaxation rate with concentration is consistent with' the results in Fig.4.

For nuclei in smali molecules, the relaxation rate often shows a linear

dependence on the-reciprocal of the selfdiffusion coefficient in a range of

temperatures (e.g. deuteron relaxation in D„0). In these situations one nor-

mally finds also a linear dependence on the viscosity in a range of tempera-

tures. Since it is well-known that the viscosity of PMA solutions increases

strongly on changing a' from 0.00 to 0.40 , and since the Av-fit is strong-

ly decreasing in that region, it is of some interest to know the a'-dependence

of the selfdiffusion constant, D, of PMA.

We have measured, by means of the pulsed gradient technique, the D of

_3
s-PMA molecules in a D O solution at a concentration of X =6.9x10 and a

temperature of 83°C in ai a'-range of 0.00-0.60. The results, relative to the

-7 2 -1
value at cx'=0.00 (D=8.4xl0 cm sec ), are plotted in Fig.4. The a1-

dependence of D is opposite to the one found' for Av-fit. Therefore, neither

the viscosity, nor the reciprocal self-diffusion constant, has a

a'-dependence, relative to the a'-dependence of the relaxation rate, that

is similar to the ones encountered with small molecules. Finally we have

plotted the results of Kern and Anderson (interdiffusion of two PMA solutions

-4
with concentrations X,=6.3 and 0.63x10 and with a viscosity averaged

molecular weight, M =0.36x10 ) as the diffusivity D, relative to the value

at a'=0.00 (D=2.4xl0~6 cm2 . From their values and from their

a'-dependence, it is quite clear that the transport properties in a concen-

tration gradient differ qualitatively and quantitatively from properties

obtained without a concentration gradient.
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4. CONCLUSIONS

Only a carefull analysis of the observed linewidths (i.e. disentanglement

of the CH_ resonances) admits an interpretation which is consistent with the

relaxation studies.

Experiments on PMA. solutions differing in solvent isotope composition

1 2 -- ,. .

(viz, H/ H ratio) demonstrated that the contribution of the magnetic

dipolar interaction, between water protons and methyl protons, to the relax-

ation of the methyl protons, is negligible.

It was found that the methyl proton linewidth of PMA molecules in aqueous

solutions decreases rapidly upon increasing a',up to a'-values in the range

0.35-0.50, depending on the concentration and the stereo—chemical nature

of the PM&. This confirms the expected important influence of tacticity on

the microdynamics of the polymer. In contrast with the results in reference

6, we did not observe an initial slow decrease; a difference caused by the

use of che overall methyl linewidth in reference 6, while here the linewidth

of a methyl group in one triad placement has been used. A qualitative dis-

cussion in terms of the slow backbone-atom motion involved was given and it

was shown that linewidth experiments at one Larmor frequency yield rather

limited information.

In three cases, energies of activation were determined which have magni-

tudes in agreement of the results of more extensive relaxation studies on

the same system * . The a'-dependence of the selfdiffusion coefficient

of PMA was reported in the Ot'-range 0.00-0.60 and its difference with the

concentration gradient results was shown.
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CHAPTER 4 .

• - i

KINETIC ISOTOPE EFFECTS AND HYDROGEN LIFETIMES IN ACID GROUPS OF

ACETIC ACID AND POLY(methacryHc a c i d ) IN AQUEOUS SOLUTIONS.

1. INTRODUCTION .'•:':>

The interaction between water and natural or synthetic macromolecules in

aqueous solutions of polyelectrolytes is an important field of investigation
f 1 2)

. The nuclear magnetic relaxation of the solvent protons and deuterons,

which may exchange with polymer nuclei,, should yield interesting information

in this context and there have'appeared two papers in which deuteron

magnetic relaxation has been reported ' .

In these polyelectroiyte solutions there is a serious problem in the

interpretation of the results caused by the uncertainty of the deuteron

lifetime in the site contributing most to the relaxation rate (polymer

COOD-groups in these cases). As Zeidler pointed out, in his review of nmr

studies .in aqueous solutions , data on the lifetime involved is lacking and

therefore it is assumed implicitely in the studies of polyelectrolyte

solutions that the deuteron lifetime is in the range 10 - 10 seconds,

but no attempt has been made to estimate this lifetime.

Meiboom has shown, in his paper of 1961 , that these lifetime problems

can be investigated by measuring the proton transverse relaxation rate in

water enriched with 0. He has used this technique to determine the

lifetime of the the hydrogen-oxygen bond in hydrated acetic acid molecules^7]

in this paper he proposed a lifetime-determining process which is much

I
¿i

Vi
I'
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faster than the acid dissociation process. The proposed process is a cyclic

proton-transfer within a hydrogen bonded complex of a carboxylic acid group

and two water molecules; a process that does not involve dissociation

leading to free ions. If the lifetime-determining process is the one

proposed by Meiboom, and the experimentally obtained value of this lifetime

is a very strong argument in favour, then it is impossible to determine
(8 9)

these lifetimes in the acid groups by the so called "relaxation methods' ' .

In this pap^r we report nmr measurements, following the Meiboom technique,

of hydrogen lifetimes in aqueous solutions of acetic acid and poly

(tnethacrylic-acid) at several degrees of neutralization. Unfortunately we

did not have enriched water with a normalized hydrogen isotope composition

at our disposal and we are confronted therefore in this study with the

well-known possibility of hydrogen isotope effects on exchange reactions

2. GENERAL

Hydrogen nuclei that, due to chemical exchange, transfer back and

forth between different molecules in which they have different chemical

shifts or/and in which they are scalar coupled to another nucleus, will

show an increase of their linewidth and/or a reduction in the number of

resonance lines. The analysis of these exchange phenomena has been based

upon two different formalisms.

The first one is the application of the Bloch equations modified to

include the exchange effects. In this way IlcConnel has given equations

to describe the influence of exchange on the linewidth in the case of

two sites with unequal resonance frequencies-but no indirect .spin-spin

coupling' „ These equations have been used by Woessner to treat the.

theory of rf pulse experiments for this exchanging system and he derived

expressions for the decay rates of the magnetisation in one and two
(12)

pulse experiments . On basis of the same equations Allerhand and

Gutowsky have presented a description of the spin-echo experiments of

the Carr-Purcell-Gill-Meiboom variety (CPSE) and they were able to

derive closed expression for the time constant of the envelope, resulting

from the CPSE experiments
(13)

There exists a recent review of the fast-

growing litterature on this subject and we therefore will refer to it
(14)

. Fundamental in all approaches based on these extended Bloch
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equations is the definition of site-determined relaxation rates and the

introduction of separate terms into the differential equation to

represent the transfer of magnetisation resulting from the exchange

processes between the different resonance sites.

In the second formalism one introduces the time dependent chemical

shift and scalar coupling as a part of the perturbing Hamiltonian. In this

way Solomon and Bloembergen derived expressions for the scalar contribu-

tion to the longitudinal and transverse relaxation rates ; their re-

sults are extensively discussed by Abragam . The nuclear magnetic

resonance lineshapes in the case of chemical exchange in the presence of

scalar coupling are given by Kaplan and by Alexander '

They showed that Ll.eir results are, in the limit of weak coupling and

. fast exchange, equivalent to the results of Solomon and Bloembergen^ K

In the present case we have studied proton transfer processes in aqueous

solutions enriched in 0. In the first place one has to establish the

dominant factor in the increase of the decay-rate of x-y magnetization.

Meiboom has observed no magnetic field dependence , but Glick and Tewari

published a frequency dependence of the proton transverse relaxation rate
(\ 9)

in water at acid and basic pH-values; they do not comment on its origin .

We have studied the magnetic field dependence- by measuring the proton

transverse relaxation rate of one sample at 60 and 8.13 MHz. We observed no

field-dependence and we therefore follow Meiboom by taking the modulation

of the H - 0 scalar coupling as the dominant factor.

The results of CPSE experiments in the case of exchange between sites

•with differences of resonance frequencies caused by hetero-nuclear coupling,

modulated by chemical exchange, have been treated only by Luz and Meiboom

Using the extended Bloch equations they derived an expression for the decay

of the echo-envelope, resulting from the CPSE experiment, of the proton

magnetization in water enriched with 0. Making several restrictions they

derived the following expression for the time constant of this envelope and

its dependence on the TT-pulse repetition rate (g)

i")"1 + [1 - 2 Tg tanh (2 Tg)~l]i ? ^

where (T„) is the transverse relaxation rate in the absence of exchange,

and ó\ is the frequency difference between the ith line and the frequency

of the applied rf field, and p^ is the relative intensity of the ith line

and where T is the exchange time.

(20)

T~\g)

„ori.
p.«? (1)
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More general expressions have been derived by Powles and Strange for

CPSE experiments in the case of homonuclear coupling, modulated by chemical
(21)

exchange . Their derivation, based on the Anderson and Weiss's theory,

leads to results that in the limit of fast exchange-and under thé conditions

of Luz and Meiboom are equivalent with the fast exchange limit of eq.(l).

Although we do not pretend that it is allowed to use eq. (1) in all cases of

modulation of the scalar coupling by chemical exchange - since its derivation

started with the extended Bloch equations - we will use eq.(l) as, in this

investigation, we are concerned with exchange times that are short compared

to the coupling constant, but long compared to the Larmor frequencies. A

study of the results of CPSE experiments on the present systems in the case

of extreme long and short exchange times and of the theoretical problems

involved seems to be worthwhile.

Introducing P as the 0-atom fraction and J as the 0- H spin-spin

coupling constant and using the value of the 0 spin-quantum number, eq.(l)

reduces to

T'^g) = (T^r1 + || P J 2T [1 - 2 Tg tanh(2 Tg)"1] (2)

In the present case there is no significant contribution of the scalar

interaction to the longitudinal relaxation rate and since all other inter-

actions will have short correlation times, we can use the separately

measurable quantity T in eq.(2), leading to

T~'(g) = + | | P J2 T[1 - 2 Tg tanh (2 Tg)"1] (3)

According to Luz and Meiboom there are in acetic acid solutions with a

pH in the acid range two reactions that modulate the proton-oxygen coupling,

namely:

a. the proton transfer process, H~0 + H _ 0 — ^ H-0 + H„0

b. the proton transfer process,

H

In this case we can represent the total rate, T , of the proton transfer

by

(4)

where k. and k~ are respectively the second-order and the pseudo-first-order
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rate constants for reactions a and b. To test eq.(4) Luz and Meiboom have

plotted the exchange time, obtained from eq.(3), as a function of the buffer

concentration at three different degrees of neutralization a' = Na /(AcOH +

Na ); in this test they calculated the hydrogen ion concentration according

to

where K. is the acid dissociation constant of acetic acid. In eq.(5) the
A

difference between the degree of neutralization and the degree of ionization

is neglected, together with the activity corrections. These effects are

however not negligible in the concentration range involved; for instance

dilution from 0.2 n to 0.02 n leads to a pH-difference of approx.

0.. unit<22'23>.

In the present experiments only water with a high deuteron fraction was

available and we have therefore two additional complications. The first one

is the presence of different hydrogen ion species e.g. H„0 , H„D0 , HD„O

and D,0 , but their concentrations can be expressed in terms of the atom

fraction of deuterons ' . The second complication arises from the fact

that there are now twelve different proton transfer reactions between

L_O and L.O and we consequently have to know their kinetic isotope effects.

A treatment of this problem is given in the appendix. According to eq.(5) of

the appendix, the hydrogen ion contribution to the proton lifetime,TT _+, is
L3°0.30 (6)

where [L.O ] will be derived from the analog of eq.(5) of this section.

Introducing eq.(6) into eq.(4) gives the final expresáion

0.30 [ L 3 0 + ] V 2 (7)

3. EXPERIMENTAL

All solutions were made in stock water with the same isotopic composition

(JH:19.4, 2H:80.6, l6O:63.3, l7O:12.3 and 180:24.4%); this stock was

prepared by mixing water and highly enriched water that was provided by
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Dr. T.O. Klaassen (Kamerlingh Onnes Laboratory, University of Leiden).

Acetic acid, Merck 90063, and sodium acetate, Merck 6267, were dried and

dissolved to prepare stock solutions of. the acid and its salt in the stock

enriched water. Poly(methacrylic acid), (PMA) was synthesized and fractionated
(24)

as described before ; the viscosity averaged molecular weight of PMA was

0.45x10 . Solutions of PMA at different a' were prepared by mixing a stock

solution of PMA and a solution of NaOH, freeze drying and redissolving in

the stock water; this procedure was repeated two times. Samples of PMA were

prepared by dissolving the results of the above procedure in a calculated

amount of stock water. Samples of acetic acid at various a' were prepared

by mixing calculated amounts of the acetic acid, the sodium acetate and the

enriched water stock solutions. All samples of acetic acid at a given a',

but at lower concentrations were prepared by diluting the more concentrated

sample. In all samples the air was replaced by He in five freeze-pump-thaw

cycli. The composition of the samples made by mixing and dilution was always

determined by gravimetric procedures.

Relaxation rates were measured on a Bruker pulsed-nmr spectrometer using

ir-ir/2 sequences for the longitudinal and CP-GM sequences for the transverse

relaxation. In the first kind of experiments the signals were digitized by

a home made digital Boxcar, in the second ones by a Nicolet 1074. All

measurements were performed in a Varian 12-inch electromagnet at 14.21 kg

and at 25 C; in the CP-GM experiments the length of the ir-pulse was approx.

10 lisec.

In connection with the importance of precise knowledge of the 0

enrichment factor, P, we have made estimations of the P-values in samples of

the lowest acid concentration (samples that.were prepared by dilution of

more concentrated samples of the same a') by the following procedure. We
17 2

measured with our Boxcar the 0 and H equilibrium magnetization of the

same sample and at the same frequency of 8.13 MHz by changing the magnetic
17 2

field from the 0 to the H resonance value. By integrating the FID in

these two resonance experiments and by using the relative nmr sensitivities

we were able to calculate the ratio of the number of these nuclei. Within

the limits of this procedure -we estimate an error of 10%- the outcome of

these experiments were in agreement with the' used enrichment factor of the
17 2
0 and H nuclei (e.g. 12.3% and 80.6% respectively).
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4. RESULTS AND DISCUSSION

A typical experimental result on acetic acid is given in Fig. I, which
-I

20

shows the g-dependence of T (g) in a solution of acetic acid at a concen-

tration of 0.021 mg equivalent/gram solution and a'-value of 0.94.

Fig. 1. Decay rate T (g) as

a function of g in a solution

of acetic acid of a concentra-

tion c,= 0.021 mg equivalent

per gram solution and at a

degree of neutralization

a'=0.94. Q : observed transverse

decay rate at 60 MHz and

25 C; the curve is drawn

according to eq.(3) with

'17 sec. ,

(sec4)

10

PJ2=1.04xl05 sec"1 and
-4

=2.02x10 sec.

1000 2000 3000
» g (sec-1)

The curve in this Fig. was obtained by a least-square procedure based on

eq.(3). Thirteen fits of relaxation data of different acetic acid and PMA

samples were made, all with a common value of J but with different values

for the exchange time. We obtained a value of J=89 Hz, a value that is

already corrected for the quadrupole relaxation of 0 (T. = 155 sec , as

determined at 8.13 MHz and 25°C by a TT-T-ir/2 sequence) in the way as

described in ref.(6); the magnitude of this correction was 3% at the most.

The precise composition of these samples and the fit results are given in

Table 1.
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Table 1.

The composition of the acetic acid and PMA solutions, the measured

longitudinal relaxation rates, T. , and the calculated exchange or total

hydrogen transfer times, T.

Experiment: acid concen.
1) T(us)2) rms (%)

AcOH

AcOH

AcOH

AcOH

AcOH

AcOH

AcOH

AcOH

AcOH

AcOH

PMA

PMA

PMA

0.94

0,94

0.94

0.94

0.71

0.71

0.71

0.71

0.35

0.35

0.71

0.34

0.24

0.16

0.077

0.039

0.021

0.16

0.077

0.040

0.019

0.15

0.019

0.21

0.22

0.21

0.17

0.16

0.14

0.17

0.26

0.23

0.21

0.18

0.43

0.22

0.33

0.38

0.37

98

164

207

202

17

31

37.5

31.5

10

17

70

41

36.5

1.9

2.0

1.4

1.4

11

5.6

2.5

0.8

17

10

4.2

4.0

0.9

1): the concentration c,= ([AcOH] + [NaAc]) or ([PMA] + [NaPMA]), in

mgequivalent per gram solution.

2): we estimate an error of 5% in the largest and an error of 20% in the

smallest exchange times; these estimates are based on the sensitivity

of the rms-criterion.

Because of the fast proton exchange there is no multiplet structure of the

proton resonance observable and one can only determine J from band shape

analysis or from relaxation data, procedures with an indirect approach.

Luz and Meiboom give J values of 92 and 98 Hz, resp. measured by T. arid
Í6 7^ 17

CP-GM experiments ' . Rabideau and Hecht measured the 0 linewidth and

derived from it a limit value for J, namely 92 Hz '. The most reliable

estimate was made by Burnett and Zeltman by analyzing the results of T.

experiments. They give a most probable value for the proton-oxygen spin-



( 26^
spin coupling constant, J = 90 +_ 2 Hz , a value that is in agreement

with our estimate of 89 Hz.

The specific rate, T~ , of proton exchange at 25° is plotted in Fig. 2 as

a function of the acetate buffer concentration for three different degrees

of neutralization, a' = (NaAc). The a' values were; 0.94,0.71 and 0.35.

100

50

Fig, 2. Total rate of hydro-

gen exchange, at 25 C, in

aqueous solutions of partly

neutralized acetic acid as

a function of the concentra-

tion c, = ([AcOH] + [NaAc]),

in mgequivalent per gram so-

lution at three Ct'-values,

as calculated from the ob-

served relaxation rates ac-

cording to eq. (3).

Q : a' = 0.94

©: a' = 0.71

^ : a1 = 0.35

The lines are described in

the text.

•0.1

It is seen that the specific rate of exchange is indeed enhanced by

the presence of hydrogen ions and acetic acid molecules; it is also

established that, at ot'-values that are much lower than in the study of Luz

and Meiboom , there is still the hydrogen transfer process catalyzed by

the acetic acid molecules. In order to obtain k. and k„ from the experiment

data the L,jO concentration has to be calculated using the value of K. in

solutions with a deuteron fraction of 0.806, In the case of acetic acid

Gold and Lowe determined pic" and they give a value of 5.15 if n=0.806 \

Using this value, eqs. (5) and (6) yield the following expression for the

total rate of exchange in aqueous solutions of acetic acid.

x"1 = 0.30xl0"5'15 x 1 - q'

a'
(8)

ul
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Least-square calculations, based on eq. (8), of the data at a'=0.94 and

0.71, and simple linear extrapolation in the ct'=0.35 case give the two rate

constants k. and k,. We obtained k values of 1.3, 2.8 and 2.8x10 sec
— 1

(mol/1) at a'=0,35, 0.71 and 0.94 respectively; „the calculated k, values
:- 7 _ i - • - - -.,..'-- ..- j

are 2.4, 3.2 and 3.1 x 10 sec at the same a'-values. Luz and Meiboom

determined k =1.1x10 sec" (mol/1) and k =6.0x10 sec in water normalized

in deuteron, values that also are not corrected for interionic effects (7).

The variations in our value of k. correspond to pL-deviations of 0.07 and
1 7 • ' ' • " - .

0.4 units; the high cost of water enriched with 0 forbade the direct

verification of the pL-values. These problems are of less importance in the

determination of k-, because k„ is calculated from experimental results

obtained in dilution experiments of a given ntnr sample. In spite of these

uncertainties in our estimates of k., our result confirm the absence of a

tenfold difference between k. in H„0 and D„0 and therefore the correctness

of the assumption that the rotation of water molecules instead of tunneling

is the rate determining process in proton transfer in water. He do, however,

observe ä substantial kinetic isotope effect in k_, just as is to be expected

on basis of the proposed cyclic process.

For the moment we are in the first place interested in the deuteron

lifetimes in the acid groups of PMA (- CHj-CCH.COOL- ) . In this case we have

0.30 u rr n"• + k' -—-"- ^

where [PMA] is the concentration on a monomeric base and where ki in the

rate constant for the proton transfer in the hydrated acid group of the

polyacid. As eq. (5) cannot be used to calculate the [L,0 ] in a
+ •• (28^

polyelectrolyte solution, the [H ] , as given by Schäfer and Schönert

is used to obtain [L„0 ] by adding 0.4 unit to their pH, thus assuming the

same deuteron solvent effects in PMA and AcOH solutions. Inserting these

values in eq. (9) we can split the total rate of proton transfer in its

two components. At the highest a'-value 0.71, the catalysis by the OL

cannot be neglected and a correction was applied. The result of the calcu-

lations are given in Table 2. In the final eqs. for the total rate of proton

transfer a ratio of two water molecules per acid group was used, this value

was already suggested by Luz and Meiboom . As this choice is open for

discussion, it follows that the estimate of the lifetime T 0 , based on

this choice, is the lower limit.
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Table 2. The total hydrogen transfer rate in solutions of PMA, as calculated

from the observed relaxation rates according to eq. (3), and i t s

analysis based on eq.(9).

0.71

0.34

pL

7.1

6.1

5.9

(103sec"1)

14.3

24.4

27.4

1)

\

(103sec"')

0.46

2.5

3.6

2)

r

(103sec

13.8

21.9

23.8

[acid]

6.0x10

1.5x10

1.6x10'

-1

)

-2

-1

-1

k'

(sec )

1.

7.

7.

lxlO7

3x107

3x107

4)

TCOOL

(10~9sec)

90

140

140

1) calculated with k.=l.lxlO10 and k2=3.8xl0
9 see"1 (mol/1)"1

2) ̂ m i F 2 k3
3) [acid] is the concentration of PMA, on a -.aonomere base, in mgequivalent

per gram solution.

4) T„oo is the lifetime of a hydrogen in a hydrated acid group of PMA.

There i s , however, a more fundamental problem of using eq. (9), because the

application of a dilution procedure similar to the acetic acid approach is

impossible as a consequence of the strong dilution dependence of the pH in

PMA solut ions
(28)

. To solve this problem it will be necessary to perform

more proton relaxation experiments on solutions of PMA in water enriched in

0. In view of the dominance of deuterons in our solutions and therefore

in the hydrated acid groups it is in our opinion allowed to use the life-

times T-.-T, as given in the last column of Table 2, as the deuteron

lifetimes in the COOL groups. This interpretation is consistant with the

assumption that the exchange mechanism is a cyclic one; its rate will be

determined by the slowest bond rearrangement in the hydrogen bonded

complex and this will be the rearrangement of the OD bonds. This suggests

the possibility of measuring the actual amount of water molecules involved

by comparison of the experimental results in 0 enriched water with

deuteron fractions up to 0.50. As was already mentioned in the introduction

it is of fundamental importance to realize that this lifetime is not

determined by a dissociation process of an acid group and that consequently

it cannot be studied by experimental techniques that are only sensitive to

the dynamic behaviour of charges as for instance in the case of dielectric

measurements.

43



We also want to emphasize the different physical meaning of the acid

catalyzed contribution to the total proton transfer rate, T ™, and the

internal rate of proton transfer in the hydrated acid group, T C OQT• The

first time gives the polyacid contribution to the time scale of the overall

modulation of the proton-oxygen scalar interaction, while the latter is a

measure of the residence time of a hydrogen in a COOL group.

In our study we have neglected both the influence of kinetic isotope

effect of oxygen and the contribution to the transverse relaxation of the

protons by the modulation of the proton chemical shift resulting from

exchange between sites with different oxygen isotopes. Although both effects

are present, it is unnecessary to take these effects into account as a
(29 30)

consequence of their smallness '

5. CONCLUSIONS

In the acetic acid we have shown the existence of a difference in the

kinetic isotope effects between the L_0 and the AcOH catalyzed proton

transfer processes. The magnitude of these differences confirms the model

in which the rate of the hydrogen ion catalyzed process is determined by

rotations of water molecules, while the rate of the cyclic transfer process,

catalyzed by the carboxylic acid, is dependent on the rate of bond

rearrangements in this complex. As a consequence of these results it will be

of importance to study these exchange reactions at various hydrogen isotope

composition. Such experiments can give in principle substantial information

on the hydrogen isotope effects of the hydrogen transfer reactions in L_0

solutions of caboxylic acids, in particular information about the number

of water molecules involved in the cyclic hydrogen transfer process.

In the PMA case we were able to calculate hydrogen lifetimes in a

polyacid group; data that were up to now not available to our knowledge. It

is also very interesting to note the possibility of studying the influence

of small pH variations in aqueous solutions of weak polyacids -such

variations are caused by the presence of small amounts of added salt- by

measuring the contribution of the proton-oxygen scalar interaction to the

transverse relaxation. In particular this will be now possible with the

application of water enriched up to 40% in 0.

-I

i
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APPENDIX

-•''s

In the case of the system L2O/L30 we have the following hydrogen ion

transfer reactions
3 1
'TklH20 + H30 H30 H20

H20 + H2DO

H20 + H^O"
1

H20 + H D ^

H2O

HDO

HDO + H2D0

HDO + H2D0
4

HDO + HDO 4

HDO + HD2O

HDO + Dn0

H30

H,DO

•H2DO

>HD2°

HDO

«2°

HDO

»2°
HDO

H20

HDO

2 t2

'Tkl
Ik3
'3 Kl
1 .4
»3 K,

'3 Kl

'Tki
3 7

'Tki

'Tki
1 ,9
'T Ki

-i

1

M

The reactions of D„O with L 0 are not relevant, because they do not

modulate the proton-oxygen spin-spin coupling in the water molecules.

The specific rates of exchange of the H„0 and the HDO molecules are,

J 1

[1]

12
[2]

The reciprocal lifetime of a specific hydrogen-oxygen bond will now be given

by

L3°

2° ,-1

[3]
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The known fraction of deuterons, n-0.806, and the use of simple fractionation

theory ' lead to the relative isotope contents of the L„0 and L,0

species, obtaining,

[ H20]

[ H2DO
+] ;[ HD2O

+] :

[ HDO] = 3.8 : 31

O+3 = 1 : 8,3 23 : 21.

Eq, [3] becomes therefore

T ~ l
Q + - 5 . 4 x i c f 5 x [ L 3 0 + ] x [ 7 . 6 .E j p . k j + 31

1 *5

fa p.kj] [4]

where p. is respectively 3, 16.6, 8.3, 23, 46, 63, 3, 16.6, 8.3, 23, 46 and

63.

It is well known that the rate-determining step in the hydrogen-transfer

in water involves the rotation of water molecules, a model that is based on

the small isotope effect of only 1.4 in the mobilities of protons and

deuterons in H„0 and D„0 .. Since the kinetic isotope effect is small, we

have used a value of 0.89 for the ratio between k. and k , the rate constant

in water normalized in deuterons; this value is obtained by linear inter-

polation between the values in H_0 and D„0. Introduction of this ratio in

eq. [4] leads to

°*30 x
[5]
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CHAPTER 5.

SOLVENT NUCLEAR MAGNETIC RELAXATION IN POLYACID SOLUTIONS.

1 . INTRODUCTION

Nuclear magnetic relaxation rate measurements of protons in normal water
(I 9)solutions of macromolecules -mostly proteins ' - are often used in the

investigation of the hydration of the macromolecules and we therefore can

refer to the reviews on this subject ' . The interpretation, used in these

studies, is to distinguish between water molecules in the hydrated phase and

those in the nonassociated phase, and to describe the observed relaxation

rate as some average over the relaxation in these two phases. Little atten-

tion has been paid to the possibility of a major contribution to the

relaxation rates from protons that are incorporated in sidegroups of the

macromolecule; which incorporation will depend on the degree of neutraliza-

tion of those groups. In the case of H O and D.O'solutions of polyacids

such an incorporation may have quite different effects on the observed

relaxation for protons and deuterons. In the latter case the electron

distribution in the chemical bond interacts with the nuclear quadrupole

moment to produce relaxation, and the magnitude of the interaction can be

expected to be of the same order as in D_0 '. .In the former case there

is no quadrupole moment and the relaxation can occur through magnetic

interaction only. From geometrical considerations these interactions can be

expected to be much smaller in carboxylic acid groups than in H?0 molecules.

In both D.O and H„0 modulation of the interaction in the polymeric sites

"• H

•sí
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occurs through reorientation of the acid sidegroup and/or chemical exchange.

Since many years the influence of varying the total.charge of weak poly-

electrolyte molecules on the time averaged geometric form -the average con-

formation- of such molecules has been studied with various methods. Weak

polyacids such as PMA ([-CH^-CCHJCOOH] -) or PAA ̂ ([CH^CHCOOH-] ) have been

shown to exist as flexible more or less densely coiled chains when bearing

no charge. Upon charging such a polyelectrolyte -which can be done by

adding a strong base to the polyacid solution- more extended conformations

are induced as a consequence of the increasing Coulomb repulsion between

the negatively charged sidegroups along the polymer chain (COO )« Variation

of the charge (degree of neutralization: a') of the polyelectrolyte mole-

cules is therefore a convenient way to introduce conformational changes in
(12)

these macromolecules . In an earlier paper we have reported the. use of

nuclear magnetic ralaxation to study the a'-dependence of the relaxation
(13)

rates in heavy water solutions of PAAN , and the present communication

gives the results of a similar approach to heavy water solutions of PMA.

In a magnetic relaxation study on deuterons in heavy water solution of

macromolecules Glasel also reported on the PMÄ./D.0 system ; his inter-

pretation, however, is based on the assumption that the measured relaxation

rate enhancements are caused by deuterons in water molecules of the hydrated

phase only and the incorporation of deuterons in the sidegroups of a

macromolecule as a cause of the enhancements is neglected. In our study on

the PAA/D.O system we have shown that for a weak polyacid at lower values

of Ct' the major contribution to these relaxation rate enhancements is

caused by the COOD-group formation -a possibility which recently was pro-

posed for the PMA/DjO system in a review on the subject ' . The short-

comings of the concept in which the hydrated phase is the sole origin of

the relaxation enhancement can be seen in Fig. la and Ib, which show the

measured longitudinal and transverse relaxation rates in PMA/D„O at a value

of a'=0.15 as a function of the concentration at Larmor frequencies of 3.4

and 9.2 MHz. respectively.

It is seen that, in contradiction to the proposed linear concentration

dependence , the relaxation rates are not at all linear increasing

functions of the concentration. We will show that the interpretation in

terms of relaxation centres, formed by the COOD-groups, is able to rationa-

lize the observed concentration dependence. In this model a decrease
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Fig. 1a¡ H relaxation rates, T. and T„ , as function of the concentra-

tion.©: longitudinal, and£3¡ transverse relaxation of deuterons in

M

solutions of PMA.

= 0.45 x 1QB, a' = 0.15¡ V Q = 3.4 HHz, T = 28°C.

The dashed lines have been drawn as an aid to eye.

Fig. 1b: ZH relaxation rates, T. and T ~ , as a function of the concen-

tration. O '• longitudinal, andQs transverse relaxation of deutsrons

in D O solutions of PMA.

ñ = 0.45 x 106, a' = 0.15j v = 9.2 Wa, T = 28°C.
^\ 0 • • • •

The dashed lines have been drawn as an aid to the eye.
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of the concentration at constant a' (resulting in a decrease of the number

of COOD-groups may lead to an increase of the observed relaxation rates.

Such an-increase will occur in cases where dilution"leads to~suchfan in-

crease in relaxation efficiency of the remaining ?COOD-groups =.that. it.

results in an increasing relaxation rate enhancement^ in spite of the re-

duction in the number of the COOD-grpups. This is quite possible since the

deuteron relaxation rate in a COOD-group will be in general anisotropic and

the interaction involved may be therefore very sensitive to changes in

concentrat ion.

The effect of the presence of the polyion on the motion of the solvent

molecules can be studied by solvent self-diffusion measurements. Again the

observed self-diffusion will be an average over the different environments;

if the molar fraction of acid groups is low (e.g. 0.01) the observed self-

diffusion will be essentially equal to the solvent self-diffusion. It is

to be expected that the proportionality between translational and rotatio-

nal diffusion, that exists for the pure solvent, will also hold for suffi-

ciently dilute solutions

Although small effects due to hydrated water molecules seem to be present,

as can be seen by comparing the proton relaxation in PMA/H_O and PAA/H_O,

it will be shown that the main features of the deuteron relaxation are due

to the presence of COOD-groups. Therefore no information on the reorienta-

tional freedom of hydrated water can be obtained from the present investi-

gation or from similar ones.

2. THEORETICAL

For nuclear magnetic relaxation of deuterons, which have a spin 1=1, the

interaction of the nuclear quadrupole moment with the electric field

gradient arising from the non-spherical symmetry of the electron (iistribu-

tion in the chemical bond, is the most important relaxation mechanism;

this interaction is modulated by rotation and/or chemical exchange. If the

chemical exchange is slow with respect to the reorientational correlation

times, but fast with respect to the relaxation times in the acid groups

and in the water molecules -the so called "rapid exchange limit"^ '- the

observed relaxation rate is a weighted average of the relaxation rates in

these two environments.
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In order to describe the rotational motion of a deuteron in a COOD-side-

group of a polyelectrolyte, containing in every raonomeric unit such a side-

group, we will use a model which was applied by Versmold in his discussion

on deuteron relaxation in ethanol . All rotations involved are described

by rotational diffusion processes and in Fig. 2 we illustrate the geometry

of the present model: an ellipsoid of revolution with rotational diffusion

Fig. 2 : Schematic planar representation of

the orientation of the 0-D bond,

relative to the Di and D« axes.

'4'}'

In
•?••,'•

5i

.• »'Mi'

M

constants Dj_ and D// , and internal rotational diffusion about two intra-

molecular axes with rotational diffusion constants D. and D.,. In this

model an ellipsoid of revolution represents the backbone of a reference

PMA monomeric unit -using the values of Di and D/> to represent the in-

fluence of the other monomeric units on the rotation of the reference

monomeric unit-, while D. and D.,- represent the rotations about the C-C

and C-0 axis in the COOD-sidegroup. The choice of this particular model is

based on the facts that the observed frequency-dependence of the deuteron

relaxation cannot be described by a single correlation time and that we

agree with Versmold on the importance of the use of an anisotropic rotational

diffusion equation in stead of using a distribution of correlation times,

constructed from the solution of the isotropic equation . Applying the

present model to describe the reorientation of the bond axis with respect
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to the Zeeman field and assuming cylindrical symmetry of the electron dis-

tribution, the deuteron relaxation rates are given by:

- 1 = 3 eqeQ 2 _l_ +2
< •

(2) (2) f*_l_ +2 ,ß(2) (2)

i
v-l

Dj,n

+ (1 +
n»J »J

With .2

(2)

(3)

And where u (ot,3,Y) are Wigner matrices; and with 3 as the angle between

the symmetry axis of the diffusion tensor and the first internal axis, 3'

as the angle between the first and second internal rotation axis and 0 as

the angle between the second internal rotation axis and the OD-bond; and

where e^e" is the quadrupole coupling constant ; and where ü) is the

Larmor frequency. Inspection of the summations in eqs. (1) and (2) and of

the definition of x , .,, as given in eq. (3), and introducing the fre-

quency functions f, _((J) ,x . .,) for the part behind the summation signs
i,¿ o n,j,j

in eqs. (1) and (2) at a given value of n,j and j' shows that the relaxa-

tion rates are described by 27 different frequency functions f. „((0 ,T . -
i ,¿ o n,3, j

containing seven independent parameters: Dj_ , D//, D., D.,, ß, ß', and 0.

In the limit of isotropic overall motion and no internal rotation one gets

the well known single frequency function expressions with one parameter D.

In the present case we wish to apply the theory to the relaxation of

deuterons in COOD-groups, forming a part of the monomeric units of flik.

Although the presented model gives a good description of the molecular

motions involved, it turns out to be possible to describe the observed

longitudinal and transverse relaxation rates at the five measured frequen-

cies by a sum of only three frequency functions f. _(o) ,x . .,) and we
i,¿ o n,3,3

therefore have to apply eqs. (1) and (2) in a limiting case to get an

unambiguous set of (three) independent parameters.
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The reduction of eqs. (1) and (2) to their most reduced, but still

anisotropic form can be obtained in several ways:

a), isotropic overall motion and only one internal rotation axis;

D^= D// = D, D. = 0, g' =3 180°, remaining one angle: 0.

b). anisotropic overall motion and one internal rotation about the same axis

as the symmetry axis of the ellipsoid of revolution:

D. = Q,ß = ß' = 180°, remaining one angle: 0.

c). anisotropic overall motion and no internal motion:

D. = D.t = 0, 3 = ß' = ¡U0°, remaining one angle: 0.

Margalit has used model a) in the narrowing limit to discuss the deuteron
(19)

relaxation in selectively deuterated tert-butanol , while Woessner and

Snowden have published a detailed discussion on models a) and b) ; we

have applied model c) in a preceding paper on deuteron relaxation in poly-
(13)

acid solutions .

Making the reduction of 27 to three correlation times gives in all models

the following expressions for the relaxation rates:

(4)

3
160 [3x2T2[f

(2-3x)2T0[|

12x(l-x)Tl.

(5)

where x = sin 0 and and T. are functions of the diffusion constants

as given in Table I. We see that the three models of course only differ in

the molecular interpretation of the angle and correlation times involved,

but not in the algebraic form of the equations for the relaxation rates.

We want to make the following remarks on the eqs. (4) and (5):

i) the treatment of the rotational motions is based on the assumptions of

small angle rotation and uncorrelated internal rotation,

ii)it depends of the value of the angle which of the two diffusion con-

stants, necessary to calculate the three correlation times, will be the
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dominant one. Therefore it is, in all cases in which one is unable to

calculate the angle from the geometry, impossible to predict whether

the relatively slow and/or the relatively fast rotations will give rise

to the major contribution to the correlation loss.

iii) if, of the three correlation times involved,; only one is long enough

to give substantial frequency' dependence (our results show that this is

the present case), then only the product of the geometric factor and

the correlation time can be determined in the case of the two short

correlation times. As a first consequence of this situation the angle

0 will be double valued at 0 greater than 34°, and so will 'be both

short correlation times of course. As a second consequence the value

of the long correlation time will be insensitive to changes of the

quadrupole coupling constant -within a certain range, dependent on the

value of 0-, since such a change can be compensated for by appropriate

changes in the values of the angle 0 and in the two short correlation

times. The long correlation time will therefore have the most reliable

value, since it is this time that gives rise to the frequency depen-

dence .

iiii)because the three independent parameters represent in a complicated

way the more general set of seven, and also because of reasons men-

tioned in iii), it is very difficult to give a molecular interpretation

of the values of the three parameters.

One can obtain more insight in this problem in the case that only D^gives

rise to the observed frequency dependence, meaning that the four rotational

diffusion constants, used in eq. (3), have the following relative magnitudes:

Table 1: Definitions of T , T and t in terms of the rotational diffusion

coefficients involved.

i

Q

1

2
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D i < O) and D// , D. and D., » ü) . In that case the frequency dependent part

of the relaxation rates is given by

1,2 16 160 h ' o it2 °' '

o
where x = sin 6 and x is given in Table 1, and where

and where

The frequency dependent part is in the limiting case

as obtained by taking the relevant part of eq. (4) and (5). As was already

mentioned we could fit all the experimental data with only one frequency

dependent contribution to the relaxation rates. We therefore obtain only

one angle from this frequency dependent contribution, since it is impossible

to obtain separate information on angles and correlation times from the

contributions to the relaxation rates that are in the narrowing limit. Only

experiments in such high magnetic fields that these latter contributions are

also outside the narrowing limit, would yield data on which a separation

between angles and correlation times can be based. At present we do not

have such data and it is therefore impossible to give a molecular inter-

pretation of the parameters 0 and T..

If the deuteron can be in either of two environments, 1 and 2, and the

exchange between the two is rapid, the observed relaxation rate is given
,06).

byv

where P. 0 are the probabilities to find the deuteron in each of these

environments. In the present case, a deuteron is either in a COOD-group, or

in a D„0 molecule. In the latter instance the relaxation rate to be propor-

tional to the reciprocal of the self diffusion coefficient D.

The expressions for the observed relaxation rates become:

1,2'obsvd

,i|;;

1'fñ

' ' • ' . ' 1 '

(6)
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-1
where the index 0 indicates the pure solvent, (T. o^cOOD *

and (5), a' is the degree of neutralization and X. and X„ indicate the

molar fractions of D„0 molecules arid PMA-monomers respectively.

eqs.(4)

3. EXPERIMENTAL

Atactic Polyimethacrylic acid) (PMA) was synthesized and fractionated as
Í 21)

described before . The viscosity averaged molecular weight (M ) of the
#• v

PMA used for the D00 solutions was 0.45x10 and for the H„0 solutions
6

0.22x10 . NaOD solutions were prepared by dissolving freshly cut sodium in

D„0 in a nitrogen atmosphere; D O solutions were obtained by dissolving

PMA in D-0, freeze drying and redissolving in D„0. This procedure was

repeated three times.

Heavy water solutions of PMA at different degrees of neutralization were

prepared by adding calculated quantities of fully neutralized PMA solutions

to weighted amounts of unneutralized solutions of the same concentration.

Samples with the same a'-value but differing in concentration were prepared

by diluting the solution of the highest concentration with D.O. PMA solu-

tions in H-0 were prepared in the same way and thereafter the convential

freeze-pump-thaw cycle was repeated four times. The sample tubes were

sealed off in a nitrogen atmosphere. The H_0 reference sample was treated

similarly, but it was sealed off in a helium atmosphere. All samples tubes
3

had a diameter of 10 mm. and they contained a volume of 1,5 cm approx.

All operations involving the D_0 solutions were performed in a dry box.

Relaxation rates were measured on a Bruker pulsed-NMR spectrometer,

using 7T—T—|TT sequences for the longitudinal and ¿TT—T—TT or CP-GM (when

necessary) sequences for the transverse relaxation. The magnet was a 12-inch

Varían highresolution type, which was controlled by a Varian flux stabilizer

and a. Bruker pulsed-NMR lock at a field of 14.21 kG and at all lower fields

by the flux stabilizer only. Solvent proton relaxation was measured with

such a time interval between the IT and TT/2 pulses that there was no contri-

bution from the polyelectrolyte protons (except from the exchangeable pro-

tons tif the acid groups) to the measured signals.

In view of the exceptional concentration dependence of the observed

relaxation rates, as shown in Fig. la and Fig. 1b. it should be noted that

repeated sample preparation and nmr measurements confirmed the experimental
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results.

Self-diffusion coefficients were determined with a Bruker pulsed-gradient

apparatus in a home built, liquid thermostated, probe head at 25 C by.

measuring the attuation of the spin echo as a function of the gradient

magnitude, All self-diffusion coefficients were measured relatively to a

standard D„0 sample (Merck 2919).

In the case of the pulsed-gradient spin echo experiments the signal of

the phase sensitive detector was measured on a storage scope, while in the

relaxation experiments the magnetization values were obtained by using a
(22)

home built digital boxcar in stead of the storage scope

4. RESULTS AND DISCUSSION

In order to test the importance of the COOD-group formation in deuteron

relaxation in the present system we have executed the same measurements as

in the PAA/D-0 case , e.g. solvent proton and.deuteron relaxation and

deuteron self-diffusion. Again we found that the self-diffusion coefficient,

as measured by the pulsed-gradient spin-echo technique, can be represented

as a linear function of the concentration; in the concentration range

involved (X, from O.3xlO~2 to 1.08xI0~2), by

<Do - D)/D - [p - q(l-a')] X 2 (7)

where p=42 and q=17, with an estimated accuracy of ten percent.

In Fig. 3a and 3b we have drawn D./D as a function of a1, according to
—2 —2

eq. (7), at X„ is respectively .97 x 10 and .51 x 10 ; in the same

figures we show respectively the proton and deuteron relaxation rates in

PMA solutions, relative to their values, as measured in the pure solvent:
0.30 sec.

-1

2.4 sec.

for H20

for D„0.

It is seen that, at low degrees of neutralization, the relative transverse

relaxation rate of the deuterons is much faster than the longitudinal one

and.also much faster than the relative proton relaxation rates. At full

neutralization the relative relaxation rates approximate the rates expected

from the observed relative self-diffusion coefficients.
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1 - 1 - 1 ' " "

Fig. 3a; H relaxation rates, T\ and T , in PMft solutions, relative to

their values in the pure solvent CH-Q), as a function of the degree

of neutralization a1.©:, and&: longitudinal relaxation rates at

16 and 8 MHz respectively, andQs transverse relaxation rate at

16 MHz.

Hy = 0.22 x 10B, X2 = 9.7 x 10~
3i T = 2BDC.

The full line is drawn according to eq. C7]¡ the dashed lines have

been drawn as an aid to the eye.
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2 -1 -1
Fig. 3b: H relaxation rates, T. and T„ , in PMA solutions, relative to

their values in the pure solvent (DO] as a function of the degree

•I

of neutralization a .©: longitudinal, andQ: transverse relaxation

rate at 9.2 MHz.

0S = 5.1 x 10"3j T = 2BDC.Ply = 0.45 x 10S, 2

The full line is drawn according to eq. C7); the dashed lines have

been drawn as an aid to the eye,
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If we compare these results with the same relaxation rates, as measured
(13)

in PÄA solutions ' we observe two major differences:

i) at a' <0.20 there is a pronounced difference in the magnitude of the

longitudinal and transverse relaxation rates of the deuterons in the PMA.

case, while this difference is much smaller in the PAA case; this

behaviour probably results from the much stronger hindrance of rotations

in PMA at the a'-values involved, leading to longer correlation times.
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ii)the proton relaxation in PMA solutions is frequency-dependent and its

ct'-dependence is markedly diffeient from that in PAA solutions; the fact

that the proton relaxation in the PMA case shows a maximum near a'=0.15,

together with the well known fact of the conformational transitions in

PMA at such a'-values, suggest the possibility of-investigating the

conformational dependence of the association of water molecules and PMA

molecules by measuring the solvent proton relaxation in solutions of

fully deuterated PMA., Such an approach has been followed by Willenberg
Í23)

and Sillescu in the Poly(methyl methacrylate)/benzene systemv '.

From the difference in relative proton and deuteron relaxation rates at

for instance zero neutralization it is quite clear that the dominant relaxa-

tion process for the deuterons is not a hindered rotation of the water

molecule as a whole. In that case the relative transverse relaxation rate

of the protons should be 8.3 approximately (in stead of the measured value

of 2.5), assuming that in H„0 2/3 of the relaxation rate is due to intra-

molecular motion. An enhancement of the proton relaxation relative to the

estimate based on eq. (7) is observed in Fig. 3a particularly in the low

a'-range. In principle this could be caused by dipolar interactions between

water and polymer protons or by an increase of the water proton-proton

correlation time of water molecules in the hydrated phase that exceeds the

estimate based on the self-diffusion experiments. A calculation, based on

the observed proton relaxation rates at 16 and 8 MHz in the case of a'=0.00,

yields the conclusion that it is not possible to describe the long correla-

tion process ( causing the frequency dependence) by isotropic motion. Still

it is possible to estimate the correlation time involved and one calculates

a value of approx. ten nanoseconds; this value also depends on the magnitude

of the contribution of the frequency independent relaxation process. Now

using the normal magnitude of the dipolar interaction in H_0, the observed

(overall) proton relaxation rates can only be reproduced if it is assumed

that only about one water molecule per ten monomeric units is involved in

the slow process. This very low fraction makes it much more probable that

the relaxation enhancement is caused by the dipolar interactions between

the protons of water and polymer molecules. Such an interaction has to be

two orders of magnitude smaller than the water proton-proton interaction,

if one assumes a contribution by a few water molecules per monomeric unit.

This decrease in the magnitude of the interaction is to be expected on the

basis of the proton-proton distances involved. A more direct argument in
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favour of this interpretation can be based on the following observation.

The water-proton relaxation rate in D.O solution of PMA (with a water-

proton fraction of about 0.003) relative to the relaxation rate in pure

water with the same isotope composition is approx. five, while this figure

is approx. two in the H20 solutions, as can be seen in Fig. 3a. Since this

ratio is strongly increased by the substitution of water-protons by deute-

rons, one can conclude that the observed relaxation rate enhancements in

PMA/H-0, relative to pure H„0, are mainly caused by an increase of the

dipole-dipole interaction and not by an increase of the correlation time(s).

(We will present more details on this subject in a separate paper on polymer-

proton relaxation in H_0 solutions of PMA). As already mentioned it is

possible to investigate our interpretation by measuring the proton relaxa-

tion rates in H-Q solutions of fully deuterated PMA at several Larmor fre-

quencies. The contribution of dipolar interaction to the relaxation of

deuterons is very small and we can neglect it, obtaining the already

presented expressions for the observed deuteron longitudinal and transverse

relaxation rates in the D_0 solution of a polyacid (eq. (6)).
(13)

Up till now, as in our study of PAA , we have assumed that the deu-

teron exchange rate is slow with respect to the reorientational correlation

times of the OD-bond, but fast with respect to the relaxation times in the

water molecules and acid groups. In this case the observed relaxation rates

are simply given by the weighted average of the relaxation rates in the

water and acid site, where the relaxation in the latter side is caused by

rotational motions and not by exchange. This assumption is correct if the

exchange time would be determined by the acid dissociation rate, as follows

from inspection of the values of such rate constants . In their study

on proton transverse relaxation in water enriched in 0 Luz and Meiboom

have, however, proposed a much faster proton transfer process in the case
(25)

of aqueous solutions of highly neutralized acetic acid . When the

deuteron lifetime in our COOD-groups would be the same as the calculated

one in acetic acid, the exchange process would cause at least substantial

loss of correlation of the deuteron. In order to investigate this possibili-

ty, and to test the applicability of eqs. (4), (5), and (6), the experiments

of Luz and Meiboom were extended to lower degrees of neutralization of
( 26^

acetic acid and we have applied their approach to three solutions of PMA^ '.

For the PMA solution of a concentration of about 0.21 n and at a'-values of

0.71, 0.34 and 0.25 this work yielded values of the deuteron lifetime of
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respectively 90, 140 and 140 nanoseconds. Inspection of the values of the

rotational correlation times involved, as given by Table 2, and the obser-

vation of the increase of the deuteron lifetime at decreasing a', show that

it is indeed allowed to treat the deuteron exchange in PMA. within^the so-

called 'rapid exchange limit'. In the near future we will also publish a

paper on the frequency and temperature dependence of deuteron relaxation

in C00D- and CD -groups of selectively deuterated PMA; there we have ob-

served a close connection between the deuteron correlation times in the

C00D- and CD_-group and this fact also confirms the dominance of the

rotational motions in the loss of correlation of the deuteron.

In general e^. (6) does not give a prediction about the behaviour of the

observed relaxation rates as a function of a' or X~, since (T. j^coOD a s

given by eqs. (4) and (5) might change in a complicated way. In order to

get some insight in these possible changes, we have measured deuteron

relaxation rates at five polyion concentrations and several degrees of

neutralization. In Fig. la and lb we have shown the concentration dependence

of the observed relaxation rates at a'=0.15 and Larmor frequencies of

respectively 3.4 and 9.2 MHz; Fig. 4a and 4b, and Fig. 5a and 5b give the

results at a'=0.00 and 0.35 respectively. Using eq. (7) for the change in

DQ/D we have derived from these results, at a Larmor frequency of 3.4 MHz.,

Tthe values of (T. o^cOOD a s &*-ven
e1* (*•); these values are shown in

Fig. 6a as a function of a' at constant concentration, and in Fig. 6b as a

function of the concentration at constant a'. The a'-dependence of the

deuteron relaxation in a COOD-group, as shown in Fig. 6a is up to values of

0.25 quite different for the longitudinal and transverse relaxation. The

transverse relaxation rate starts to decrease at an a'-value of 0.08, while

the corresponding sharp decrease in the longitudinal relaxation rate starts

only at an a'-value of 0.25. It is seen in Fig. 6b that the concentration

dependence of the deuteron relaxation in a COOD-group at a constant degree

of neutralization of 0.18 is a complex one, in contrast to ttie situation
(13}

previously found in D„0 solutions of PAAV '.

In applying the model for deuteron relaxation in a COOD-group, as presen-

ted by eqs. (4) and (5) in the theoretical section, it turns out that in the

present case T Q is much greater than T. and T . This leads to the conclusion

that to a very good approximation T„ equals four times T., as can be seen

from their definition in Table 1.

-i\
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Fig. 4a.
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Fig. 4a; H relaxation rates, T,
-1 -1
. and T_ , as a function of the concen-

t ra t i on . O ¡ longi tudinal , andB: transverse relaxation of deuterons

in D„0 solutions of PMA.

PL = 0.45 x 106, a ' = o.oaj v = 3.4 HHz, T = 2S°C.

The dashed lines have been drawn as an aid to the eye.

2 -1 -1

Fig. 4b: H relaxation rates T. and T as a function of the concen-

tration.Q: longitudinal, andQ: transverse relaxation of deutBrons

in D_0 solutions of PMA

PL, = 0.45 x 106, a' = 0.00; V Q = 9.2 MHz, T = 2B°C.

The dashed lines have been drawn as an aid to the eye.
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Fig. 5a. Fig. 5b.
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Fig. 5a: H relaxation rates, T^ and

""1, as a function of the concen-

tration.©: longitudinal, andQi transverse relaxation of deuterons

in D O solutions of PMA.

M = 0.45 x 106, a' = 0.35j \) Q = 3.4 MHz. T = 2B°C.

The dashed lines have been drawn as an aid to the eye.

2 -1 -1

Fig. 5b¡ H relaxation rates J. and T as a function of the concen-

tration.©: longitudinal, andQ: transverse relaxation of deuterons

in D„0 solutions of PMA.

M = 0.45 x 106, ot' = 0.35¡ vo = a .2 MHz. T = 28°C.

The dashed lines have been drawn as an aid to the eye.
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Fig. 6a. Fig. 6b.
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Fig, 6a: Deuteron relaxation in a COOD-group as derived from the observed

relaxation rates by eq. (6] and (?] in CLO solutions of PP1A as a

"1 ••» "1function of the degree of neutralization o'j Q'• T. ,|J : T_.

My = 0.45 x 106, X2 = 3.0 x 10~
3; V Q = 3.4 MHz, T = 28°C.

The dashed lines have been drawn as an aid to the eye.

Fig. Bbi Deuteron relaxation in a COOD-group, as derived from the observed

relaxation rates by eq. (6) and (7) in D O solutions of PMA as a

function of the molar fraction of monomeres, X„i © : T ,Q: T .

My = 0.45 x 10 , a' = 0.15i VQ = 3.4 MHz, T = 2B°C.

The dashed lines have been drawn as an aid to the eye.
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Using eq. (6) -together with eq. (7) to calculate the contribution to the

relaxation from D„0 molecules- it is possible to describe the observed

longitudinal and transverse relaxation, as measured at Larmor frequencies of

3.4, 4.0, 4.6, 6.9 and 9.2 MHz. in D O solutions of PMA at five polyion

concentrations and ct'-values form 0.00 up to 0.35, by our proposed model of

COOD centres. Fig, 7a and 7b show the frequency dependence of the observed

relaxation rates for two solutions of PMA at the same concentration and

a'-values of 0.00 and 0.35 respectively. The fully drawn lines in these

Fig. 7a: Observed deuterons relaxation rates in D D solutions of PMA as a

function of the frequency v.©: longitudinal, and Q: transverse

relaxation rates.

= 10.8 x 10~3, o' = O.OOj T = 2S°C.fU = 0.45 x 10B. 2

The lines represent a fit to eq. (6], using eq. C4), C5) and (7).
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Fig. 7b: Observed deuteran relaxat ion ra tes in D20 solut ions of PMA as a

function of the frequency v . © : longi tud ina l , andQ: t ransverse

relaxat ion r a t e s .

M = 0.45 x 106 , X = 10.8 x 1Q~3, a ' = 0.35j- T = 28DC.

The l ines represent a f i t to eq. ( 6 ) , using eq. (4 ) , C5) and C7]

20

10

TiS°/o

_»,VflO6Hz)
10

ll

figures represent a fit, as given by eq. (4), (5), (6) and (7), obtained

with a quadrupole coupling constant (eqeQ/fc) of 240 kHz. The choice of

240 kHz has been based on the values of 165 and 272 kHz in respectively the

solid and gas phase of formic acid (10,11), the value of 184 kHz in solid

glutamic acid (27), and the values of 192 and 258 kHz in respectively the

solid and liquid phase of D_0 (28,29). It is possible to make least-square

fits of the experimental results of all twenty five solutions of PMA with
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Table 2.

concentra-
tion mg.
equivalent
per g solu-
tion

0.150

0.150

0 = 150

0.150

0.151

0.151

0.252

0.253

0.253

0.254

0.254

0.340

0.343

0.343

0.430

0.430

0.435

0.520

0.529

0.530

a1

Wj/JPMA]

0.000

0.079

0.149

0.199

0.248

0.346

0.000

0.079

0.149

0.248

0.346

0.000

0.149

0.346

0.000

0.150

0.346

0.000 '

0.149

0.346

e

degrees

32

32

36

38

38

45

31

32

34

40

41

31

39

44

31

33

43

29

37

39

nanosec.

91

87

65

33

28

17

97 . '

96

65

27

22

103

64

13

111

62

16

115

56

32

T1

anoseo.

.2

.2

.6

0.90

0.84

0.48

1.1

1.4

1.2

0.B4

1.20

1.2

1.4

0.24

1.3

1.2

0.48

1.0

1.0

1.8

e

degrees

15

- 1 ]

B4

78

76

6B

. 1 5

_ 15

_ 11

74

72

. 1 5

77

67

_ 1 5

. 15

69

. 1 5

80

80

nanosec.

-

-

65

33

28

17

-

-

-

27

22

-

64

13

-

-

16

-

56

32

T1

anosec.

.3

.2

2.0

0.72

-

-

-

1.7

2 .2

-

2.B

0.36

-

-

0.72

-

2 .9

5.1 '
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'fable 2: Least-squarB f i t s of the observed relaxation rates at five frequen-

cies in twenty different PMA samples, as obtained as by applying

eq. (4). (5), [6) and [7).

1] no second solution in {6,t }

this value of 240 kHz; the parameters obtained in this way are presented in

Table 2. As was mentioned in the theoretical part one gets two values for

9 and T. if Q > 35 degrees.

The influence of the choice of the value of the deuteron quadrupole

coupling constant, DQCC, on the three parameters, resulting from a least-

square fit of the observed longitudinal and transverse relaxation rates at

the five frequencies, has been studied at the two extreme values of T_.

The results of this procedure are given in Table 3; it shows that, within

a certain range of 0-values only the value of T„ is independent of the

choice of the DQCC, a feature that was pointed out in the theoretical

section. One can observe that this ambiquity in the value of DQCC is only

absent in the case of relatively small values of DQCC and 0 (viz. 160 kHz

and approx. 15 degrees).

Before discussing the results based on the COOD-group relaxation model,

as was proposed in the theoretical part', we will discuss the experimental

results in more general terms. Both the concentration dependence of the

deuteron relaxation and the difference between the a'-dependence of the

deuteron and proton relaxation make it impossible to explain the measured

relaxation enhancements, with respect to the pure solvent, in terms of a

two-phase model in which the water molecules reorient in an isotropic way in
(14)

both phases. This model, which was proposed by Glasel , leads to predic-

tions about the concentration dependence of the deuteron relaxation and

about a relationship between deuteron and proton relaxation that are clearly

in contradiction to our results, as presented in Fig. la and lb, and Fig.

3a and 3b. There remains, however, the possibility of generalizing the model

to include anisotropic rotations of the water molecules in the hydrated

phase. Concentrating our attention first at the observed dependence of the

deuteron relaxation on a', as presented in Fig. 3b and as described by

eq. (6), one can give a reinterpretation of this aquation. One can interpret
the factor

.+X«

J

(1-ct1) as the amount of deuterons in the hydrated D„0
2
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DQCC

CKHz]

160

160

160

180

180

200

200

220

220

240

240

260

260

280

2B0

300

300

320

320

PMA-^nii
n2)
0

14

15

16

18

. 61

23

. 6)

26

_ 6)

29

. BI

31

_ 63

33

. 63

35

-V

36

84

1T nn !

3)
0

15

15

15

115

-

115

-

115

-

115

-

115

-

115

-

115

-

115

115

3)
1

1.5

1.5

1.5

4 .5

-

2 .3

-

1.4

-

1.0

-

0.7B

-

0.66

-

0.60

-

0.48

1.4

Table

0.520

n .nnn

3 .

n

rms-dev

V1

21

17

15

5

-

5

-

5

-

5

-

5

-

5

-

5

-

5

5

-1
2

13

17

1E

4

-

4

-

6

-

5

-

6

-

5

-

5

-

4

4

'1 / 2

5]
14

5]
13

13 5 )

3

-

3

-

4

-

3

-

4

-

4

-

4

-

3

3

c

PMA-^ni i ¡'M nn • r

n 2 J "
j

39

76

-

40

73

42

70

43

69

44

67

45

66

46

65

46

65

47

64

" 3 1 .
0

3

3

3

3

3

3

3

3

13

13

13

13

13

13

13

13 .

13

13

33
f

0.6C

.2

-

0.3;

0.7E

0.36

0.66

0.27

0.39

0.24

0.36

0.21

0.30

0.23

0.27

0.12

0.1

0.1

0.1

2 = C

v ' = f

rm
-1

1

2

2

-

2

2

2

2

2

2

2

3

2

2

3

2

2

2

3

2

1.3431-1

1.34f 1

-1
2

3

3

-

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

v/v
2

2

-

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

.1

•1
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TablB 3: Least-square fits of the observed relaxation rates in two different

PMA samples in the case of nine different values af the deuteron

quadropole coupling constant, DQCC, as obtained by applying eq.

[4), [5], (6] and Í7).

1] concentration in mg equivalent per gram solution

2) in degrees

3) in nanoseconds

4] relative rms-deviation in %

5) not possible to obtain smaller rms-deviations

61 no second solution in {e.t^}.

molecules and the rates (T. ,,)„„,,.. as the relaxation rates of a deuteron in

an associated water molecule. This extended hydrated phase model would then

demand a very low fraction of bound watermolecules -namely a maximum of one

water molecule per two monomeric units at a'=0.00-, together with a linear

decrease of that fraction at increasing c.'. But there will be an even more

severe restriction on the behaviour of -the bound watermolecules in order to

explain the difference in relaxation rate enhancements between the D.O and

the H.O solutions. This behaviour can only be explained by assuming a very

special kind of anisotropy in bound water reorientation. The reorientational

motion required must have such an orientation of the axis of slow rotation,

that it will be possible for the 0-D bond to loose correlation by the slow

rotation, while the correlation of the H-H vector in a bound water molecule

should already have disappeared by fast rotational motion. Such a situation

can only be realized by a set of very special values of all the angles

involved and we will have these extreme requirements on the angles at a

whole range of a'-values. In our opinion this extended hydrated phase model

is not at all a physical realistic model. We therefore will limit the

remaining discussion to the numerical results obtained by using the acid-

group model.

Inspecting the values of the parameters, as given in Table 2, we can

make the following remarks: 1
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i)there is a pronounced anisotropy of the rotational motion of the 0-D

bond at all concentrations and a'-values.

ii)we always obtain T- » Tj

iii)T_ is a monotonously decreasing function of a1- in the whole concentra-

tion range involved. The dependence of Tfl on the concentration at

constant a1 is a more complex one; at a'=0.00 T_ is a constantly but

slowly increasing function of the concentration, at a'=0.15 x is in a

good approximation independent of the concentration and at a'=0.35 TQ

increase substantially only at the highest concentration,

iiii)there is no simple pattern in the concentration -and a'-dependence of

T. and G.

In the theoretical part we have presented a model for the reorientational

motions of the 0-D bond in a COOD-group. In particular we have used the

approach of rotational diffusion of a monomeric unit (and internal rotations

within it), a rotational process in which the influence of other monomeric

units is given by the values of the rotational diffusion constants. The

results, as listed in i), ii) and iii), are a confirmation of the

applicability of the presented model and we will now give an interpretation,

within the limits of this model, of the a' - and concentration dependence of

the value of the most reliable parameter T_. It is well established that the

increase of the degree of neutralization from a'=0.00 to a'=0.35 leads to

much more extended macromo1ecular conformations, as can for instance be seen

from the a'-dependence of the viscosity .-We observe a strong decrease of

the value of T. on increasing a' at constant polymer concentration; a result

that can be interpreted as an increase of local mobility made possible in

the more extended conformations. Interactions between different macromole-

cules, resulting from these extensions and leading to a decrease of local

mobility, are only observed at high ot'-values and at the highest concentra-

tions (viz. ci'=0.35 and the concentration increasing from 0.435 to 0.530 mg

equivalent per gram solution). The dominance of local mobilities in nuclear

magnetic relaxation of macromolecules and the magnitude of the applied

ot'-differences make it impossible to obtain information on the precise nature

of the conformational changes.

The more complicated behaviour of T. and 0 is probable caused by the

fact that these two parameters are very sensitive to variations in the

values of more than two parameters out of the set of seven parameters that
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are in general required in the present model, as explained in the theoretical

section. By measuring the deuteron relaxation rates of CD_- and COOD-

deuterons in selectively deuterated PMA, and by measuring their temperature

dependence in particular, we have found strong indications for this

interpretation. The results of such an experimental approach are the

subject of a separate publication.

I
CONCLUSION

By measuring the frequency-dependence of the deuteron relaxation rates

in D_0 solution of PMA as a function of the concentration, we were able to

demonstrate the applicability of the acid-group relaxation process, a model
(13)

that was already proposed for PAA solutions . Again we could describe

our experimental results only by introducing strongly arsisotropic motions

of the 0-D bond.

In the PMA case it is possible to obtain rotational correlation times in

a range of a'-values (viz. 0.00-0.35), a fact caused by the larger rotational

hindrance in a PMA-molecule, if compared with a PAA-molecule. It is of

interest to note that the long correlation time is monotonously decreasing

with a', indicating higher local mobility in the more extended conformations.

Finally we can quote the conclusion, from the PAA-work; as result of the

domination of the COOD-groups on the deuteron relaxation rates it is not

possible to examine the influence of the conformation of a weak polyacid on

the association of watermolecules by measuring the deuteron relaxation

rates in D O solutions of the-weak polyacid as a function of the pH.
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CHAPTER 6.

KETHYLENE DEUTERON RELAXATION IN CD^MA.

1. INTRODUCTION

It has been known for some time that the solution properties of poly

(methacrylic acid), (PMA), exhibit deviations, interpreted as a conformational

transition, from the expected behaviour of synthetic polyelectrolytes as

(1-4)
found with other polyvmylic compounds . As this property has made PMA

solutions a favorite model for biopolymer solutions, we have started nuclear

magnetic relaxation experiments on solutions of PMA. Although our first

experimental results (e.g. methyl-proton linewidth experiments) confirmed

the usefullness of relaxation experiments in this system , it also became

clear that only expensive experimental data (obtained by measuring the

relaxation rates of different nuclei at several Larmor frequencies) could

yield sufficient information on the molecular properties involved. In

particular it appears to be impossible to obtain usefull information from

(8)
proton linewidth experiments alone .

The present work is the first of two papers in which we report the results

of nuclear magnetic relaxation measurements in aqueous solutions of selec-

tively deuterated PMA(-[-CD-CCH COOH]- ) ; the subjext of this paper is

deuteron relaxation of methylene deuterons of PMA in solution.
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In a forthcoming paper the results of relaxation experiments of methyl-protons

and COOD-deuterons will be presented; in a previous paper we have shown, the

possibility of obtaining the latter relaxation data from deuteron relaxation

(9)
measurements on heavy water solutions of ( p a r t l y neutralized) PMA

2. GENERAL

For nuclear magnetic relaxation of deuterons, which have a spin 1=1, the

interaction of the nuclear quadrupole moment with the electric field gradient

arising from the non-spherical symmetry of the electron distribution in the

chemical bond, is the most important relaxation mechanism; in the present

case this interaction is modulated by rotational motion.

In order to describe the rotational motion of a deuteron in a CD_-group

of a polyelectrolyte, containing such a group in every monomeric unit, we

will use a model which we also applied in the case of deuteron relaxation in

COOD-grcups of poly(acrylic acid) . The use of the treatment given by

Huntress ' outside the narrowing limit yields the following expressions

for the deuteron relaxation rates

T ; ' = |

+2
T - l 3 ,eqeQ\2 1 3 5
T 2 ~ 8 < f t > 5 i i - 2 C i T i [ 2 + 2

(1)

(2)

where eqeQ/ti is the deuteron quadrupole coupling constant, DQCC, and ü)0 the

Larmor frequency. We have assumed that the electron distribution has cylind-

rical symmetry and that relaxation occurs throught in general anisotropic,

diffusional reorientation of the bond axis with respect to the Zeeman field.

The coefficients c. and the correlation times T. are functions of the
i i

principal values of the rotational diffusion tensor and the orientation of
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the bond axis with respect to the diffusion tensor principal axes as

shown in Table 1.

In the general case of totally anisotropic rotation, the relaxation rates

are described by five frequency functions, containing five independent para-

meters: D , u , D , 0 and c)>. For axially symmetric rotation the .terms with

i=±l and the terms with i=±2 can be taken together, resulting in three

frequency functions with three independent parameters: Di , D^ and 0.

For spherically symmetric rotational diffusion only one frequency function

is left, containing one parameter D; the coefficients c. sum up to unity in

this case.

In the present case we wish to apply the theory to relaxation of deuterons

in CD.-groups of the macromolecular backbone. Although we do not suggest

that the rotational motion of the backbone is that of a rigid body, we will

use eq.(l) and eq.(2) to obtain values of the rotational diffusion constants.

Thus the actual microdynamical behaviour of the CD -groups, resulting in a

loss of correlation of the field gradient, will be represented (as an

approximation) by an anisotropic rotational diffusion. In our model the

flexibility of the macromolecular backbone is reflected in the values of the

obtained rotational diffusion constants.

It is found in this case that the "extreme narrowing" condition is not met:

i.e. at least one of the five correlation times in Table 1. is of the order

of the inverse Larmor frequency. From the definitions it can be shown that no

correlation time is longer than x :

-2, -1, 1, 2 (3)

To simplify the description of the relaxation rates to the most reduced

but still anisotropic form it is sufficient to assume that one of the diffusion

constants, say D , is much larger than the other two:
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D » D
z x

D » D
z y

(A)

We then may use for c. and T. of eq.(l) and eq.(2) the approx. .expressions

shown in Table 2. If 9 equals the "Magic angle", the coefficient C Q

vanishes, and there is no contribution from the slow reorientations to the

relaxation rate. We will assume that both C-D bonds make the sample angle

with the Z-axis; the assumption gives the sample expression for both methyl-

ene deuterons. The full expressions for the relaxation rates become, under

Che assumption (4):

r-'= _i_ riasS^2

(2-3x) (5)

[| + j +(2-3x)
2T0[| + i

(6)

. 2
where x = sin 9 and x0, t and T are defined in Table 2.

If, of the three correlation times involved, only x is long enough to

give rise to a substantial frequency dependence (and our results will show

this is present here), then only the product of the geometric factor

and the correlation time can be determined in the case of Ta and x2. As the

angle 6 will be double valued at 0 greater than 34 degrees, and so will be

both Ti and T2- In this situation the value of 9 will be insensitive to the

precise value of the DQCC -within a certain range, dependent on the value of

8-̂j since a change in the value of the DQCC can be compensated for by approp-

riate changes in the values of the angle 9 and the other two correlation

81



TABLE 1

The coefficients and correlation times in eqs.(l) and (2).

The symbols in the table are defined as : x=sin 9, y=sin $, P=(T-X
_ i i o i •*

D -D )(3A
x y

D , D , D are the principal values of the diffusion tensor: 8 and <)) are the
x y z

polar, resp. azimuthal angle of the bond with respect to the diffusion tensor
principal axes.

c.
i

-1
i

-2

-1

0

+ 1

+2

3x y d

3x(l -

\{<,\ -

3x(l -

¿[p(2

- y)

x ) d •

x )y

- y)

2 -

- 3x) + O -

- 3x)-(3)ipx(l - 2y)]2

- 2y)]

D +0 +4D
x y z

D +4D +D
x y a

2(D +D +D -A)
x y z

4D +D +Dx y z

2(D +D +D +A)
x y z

TABLE 2

Approximate expressions for the coefficients and correlation times in eqs.

(1) and (2), for the case that D >> D and D >> D .
z x z y

The symbols in the table are defined in the same way as in Table-1.

c.
i

-1
i

-2

-1

0

+ 1

+2

3x - y)

3x(l - x)(1 - y)

¿(2 - 3x) 2

3x(l - x)y

|x2(l - 2y) 2

4D
2

D
z

3(D.

D
z

4D

D )
x y'
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times, Tj and x . The long correlation time, x0, will therefore have the

most reliable value. The choice of a value for the DQCC is in the present

case not a serious problem, since this value for deuterons in a methylene

group is fairly accurately known . In a previous study on deuteron relax-

ation in COOD-groups this choice was a difficult problem and we have presen-
(9)

ted there some consequences for the calculated values of 8, Tj and T2

3. EXPERIMENTAL

syndiotactic,selectively deuterated polydnethacrylic acid),"CD FMA",

(-[CD -CCH-COOH]-) was synthesized by hydrolysis of the corresponding methyl-

ester, CD.PMMA, by means of heating a solution of the polyester in concentra-

ted h_SO, , (96 vol.%), at a temperature of 65°C during a period of four

hours in a nitrogen atmosphere. Afterwards the obtained solution was poured

into ice, diluted with water and the precipitate was filtered off. A pure

CD.PMA solution in water was obtained by repeatedly dialysing the mixture of

the precipitate and fresh water. The syndiotactic CD.PMMA was prepared by

polimerization of the deuterated monomere, CD2=CCH3COOCH3> according to the

litterature "; the viscosity averaged molecular weight, M , was 0.35x10

and the percentage of syndiotactic triads was 85%, as determined by the

methyl-proton magnetic resonance spectrum at 100 MHz and 80°C of a CDC1.

solution of the CD PMMA. The isotope composition of the methylene hydrogens

was determined by comparing the remaining methylene-proton resonance and the

methyl-proton resonance in the 100 MHz spectrum; the comparison yields

a deuteron fraction greater than 0.99. The deuterated monomeric was prepared

the first time by methods developed in our laboratory (by pyrolysis of

CH3-CO-CD2-CHCH3-CO0CH3 at 460°C in a N 2 atmosphere) and the following times

according the methods given in the litterature(16)
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All NMR samples were prepared by mixing calculated .imounts of stock solutions

of the polyacid and the sodium polysalt in H„0. Both the stock solutions and

all samples had the same concentration; the molar fraction of the macro-

-3
molecule on a monomeric base, x„, was 5.8x10 . All sample tubes had a dia-

3
meter of 10 mm. and they contained a volume of 1.5 cm approx.

Relaxation rates were measured on a Bruker pulsed-NMR spectrometer, using

ii-T-iTT sequences for the longitudinal and free induction decay, FID, measure-

ments for the transverse relaxation. The magnet was a 12-inch Varian electro-

magnet, controlled by a Varian flux stabilizer and a Bruker pulsed-NMR lock

at a field of 14.21 kG and at all lower fields by the flux stabilizer only.

20
The rather low deuteron concentration (3.3x10 nuclei per gram solution)

and the short transverse relaxation time (4-0.2 msec) made long averaging

necessary. However, when carrying out experiments at these low Larmor frequen-

cies (below 10 MHz) in relatively high magnetic fields (above 5 KG) we en-

countered the problem of the well-known spurious ringing effects , as can

be seen in Fig.l. In the case of low degrees of neutralization of the poly-

acid, a' , and in particular at the lower temperatures used, this unwanted

signal, persisting approx. one millisecond, obscured the FID. By using an

anti-ringing coil we could partly suppress this effect, but we were

still confronted with spurious effects lasting approx. 150 ysec, as can be

seen in Fig. 2. This causes the lower reliability of the obtained relaxation

rates of deuterons in the samples with a'=0.00, 004 and 0.10 at 28°C and

with a=0.00 at 45°C.
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Fig. 1. Spurious signal from H-free Fig. 2. Spurious signal from H-free

sample; without anti-ringing sample, with anti-ringing

coil. coil.V Q=9.2 MHz, T=28 C and 16,384

times averaging at typical

experimental settings.

V Q=9.2 MHz, T=28
UC and 16,384

times averaging at typical

experiments settings.
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0-

-8000J

0Ä ÖS 1.2 1.6 2.0
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Recently Van der Klink has published the use of a pulse sequence to reduce

still further the ringing signal. His method ("SLARC") takes advantage of the

fact that the phase of the FID after a spin-lock pulse depends on the phase

of the TT/2 pulse that was applied to prepare the transverse magnetization,

, but not on the sign of the relative phase (+90° or -90°) of the spin-lock

(19)

pulse . The use of the SLARC sequence will cause a reduction of the obser-

ved magnetization determined by Tip (and Tip can be smaller than the transver-
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se relaxation time at the Larmor frequency involved). One can, however,

accumulate the NMR signal while the spurious signal goes to zero, by

shifting the phase of the initial TT/2 pulse through 180 and switching the

averager between addition and subtraction. Preliminary SLARC experiments by

Van der Klink have proved to be succesfull on the present system and it is

therefore possible to obtain more reliable data of samples with low ot'-values

in the future.

In the T -experiments we used a home-made digital boxcar to average the

observed magnetization (.averaging the signal 2048 to 8192 times at every pulse

interval, depending on the T„-value involved)^ ', while in the T -experi-

ments we used a Bruker, Transi-Store B-C104 and/or a Nicolet 1074 to digitaze

and average the FID (8192 to 131072 times, depending on the T -value invol-

ved) . Every longitudinal relaxation rate was obtained by a least-square fit

to the measured magnetization at hundred equidistant spacings of the IT and

ir/2 pulses. Every transverse relaxation rate was obtained by a least-square

fit to the FID; in the case of relatively small T„ -values (less than or

equal to 1000 s ) a correction for the inhomogeniety contribution to the

decay (less than or equal to 5 s ) was made. Experiments were performed

at Larmor frequencies of 9.2, 6.9, 4.6, 4.0 and 3.4 MHz and at temperatures

of 28 and 80 C; the temperature of the NMR samples was controlled by the

Bruker gas-theromstated system. Additional experiments at 45°, 62° and 89°C

were performed with four samples (a'=0.00, 0.16, 0.34 and 0.60). In cases

of only a minor frequency dependence (e.g. high temperature and high a')

the measurements at a Larmor frequency of 3.4 MHz were not performed.
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4. RESULTS

The observed relaxation rates of the same solutions of PMA at two temper-

atures are plotted as a function of the Larmor frequency in Fig.3, The drawn

curves are calculated according to eq.(5) and (6) with parameters obtained

by a least-square fitting procedure, using a DQCC-value of 165 KHz. The para-

meters obtained in the thirty six fits are given in Table 3. In Fig. 4a.

vje have plotted x. as a function of a'. Since only To is long enough to give

rise to a substantial frequency dependence, we have two solutions in

{9, T }in all cases where Q > 35 degrees as pointed out before. Based on the

results of the fitting procedure we estimate a reliability in the three para-

meters of + 10X, except in the case of a'=0.00. 0.04 and 0.10 at 28°C and

a'=0.00 at 45 C (for reasons discussed in the experimental section). In cases

where not, at all temperatures involved, two solutions for {6, T^are ob-

tained (viz. a'=0.00 and 0.16, as can be seen by inspection of table 3), one

can discriminate between two sets of {9,Tj} by demanding a monotonous

temperature dependence for x . Often however, this procedure fails and in

those cases we have chosen {9,1^} values that are monotonously dependent on

a' and tne temperature. As a result of these considerations we prefer the

values of {Q.Tj} that are presented in the left-hand side of Table 3. The

values of xo and T X at temperatures of 28° and 80°C, as given by the left-

hand side of Table 3, are plotted as a function of the degree of neutraliza-

tion, a', in Fig.4a and 4b.

We will analyse the temperature dependence of our results by assuming a

simple Arrhenius behaviour. The use of a least-square procedure is of course

only possible in the case of the experiments performed at five temperatures

(e.g. a'=0.00, 0.16, 0.34 and 0.60); the energies of activation obtained by

such a fit procedure (method A) are given in Table 4. In the other eight
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Fig. 3. Observed deuteron relaxation rates in. D O solution of PMA as a
"" -1 -1 o

function of the Larmor frequency, v .&:T ,0: T at 28 C;

0 : T"1, Q : T~' at 80°C. X2=5.8 x 10~
3 and a'=0.28.

The lines represent a fit to eq.(5) and (6); the parameters are

given in Table 3.
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TABLE 3

Least-square fits of the observed deuteron relaxation rates at five

frequencies, as obtained by applying eg.(5) and (6)

a'

0.00

0.00

.0.00

0.00

0.00

0.04

0.04

0.10

0.10

0.16

0.16

0.16

0.16

0.16

0.22

0.22

0.28

0.28

0.34

0.34

0.34

0.34

0 34

0.40

0.40

0.50

0.50

0.60

0.60

T(°C)

28

45

62

80

89

28

80

28

80

28

45

62

80

89

28

80

28

80

28

45

62

80

89

28

80

28

80

28

45

53

39

26

25

I14

43

23

39

?•>

34

34

25

21

18

31.5

18

29.5

17

28

26

17

13

11

26

8.5

21

8.0

20

15

3.0

2.4

2.2

1.8

1.3

2.4

1.8

2.4

1.4

3.0

3.0

2.6

1.3

1.0

2.4

1.0

2.4

0.84

2.3

1.6

1.0

0.60

0.54

1.8

0.54

1.6

0.46

1.8

1.3

18

27

31

36

38

25

41

27

44

33

41

47

48

48

34

49

38

50

42

46

48

50

51

42

49

42

48

42

45

rmso)

18

9

8

6

7

15

8

13

6

8

6

5

6

•5

8

5

4

ó

5

5

5

7

6

4

5

7

6

5

6

-

-

-

25

24

-

23

-

22

-

34

25

21

18

-

18

29.5

17

28

26

17

13

11

26

8.5

21

8.0

20

15

-

-

-

6.3

3.3

-

3.3

-

2.2

-

5.7

3.6

1.7

1.2

-

1.3

6.0

0.96

4.2

2.2

1.3

0.69

0.60

3.3

0.66

3.0

0.60

3.1

1.9

-

-

-

84

78

-

72

-

67

-

72

63

62

62

-

61

78

60

70

65

62

60

59

70

61

70

62

70

66

rms G)

-

-

-

6

7

-

8

-

6

-

6

6

6

5

-

5

4

6

5

5

5

7

5

4

5

7

6

5

6
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T(°C)
a) a)

rms
c) T a) a)

rms
a)

0.60

0.60

0.60

0.80

0.80

1.00

1.00

62

80

89

28

80

28

. 80

10

8.0

7.5

18

6.5

20

7.0

0.66

0.43

0.38

1.3

0.29

1.7

0.24

45

47

48

37

43

37

42

7

6

5

7

5

4

6

10

8.0

7.5

18

6.5

20

7.̂

0.96

0.59

0,50

3.6

0.41

4.8

0.45

66

63

62

80

69

80

70

7
6

5

7

5

It

6

a) '• in nanosec.

£>): in degrees

o); relative rms-deviation (in

Fig.4a. Obtained values of TQ as a Fig.4b. Obtained values of x as a

function of a'. 0 : 28°C and

Q : 80 C; X = 5.8x10-3
function of a ' . 0 : 28°C and

Q : 80°C; X = 5.8xlO~3.
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\

S

" 0 . 5 "
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(In the other eight)

cases the energies of activation were simply calculated from the obtained

values at 28 C and 80 C of the correlation time involved (method B) ; the

results are also given in Table 4.

TABLE 4

Calculated energies of activation, in Kcal per mole, as a function of a'.

The values between parenthesis are obtained from T , as given in the right-

hand side of Table 3.

method E(T0) E(T,)

0.00
0.04

0.10

0.16

0.22

0.28

0.34

0.40

0.50

0.60

0.80

1.00

A

B

B

A

B

B

A

B

B

A

B

B

3.2

2 .5

2 . 3

2 .2

2 . 3

2 .2

3.2

4.5

3.9

3.7

4.1

4.3

2.6

1.2

2.2

3.0

3.5

4,3

5.2

4.9

5.1

5.5

6.2

8.0

(0.32)

(2.6)

(7.4)

(7.1)

(6.5)

(6.5)

(6.5)

(8.8)

(9.6)

The obtained correlation times at a'=0.00, 0.16, 0.34 and 0.60 are plotted

as a function of the reciprocal absolute temperature in Fig.5. The full lines

are obtained by least-square fits, while the meaning of the two broken lines

will be given in the discussion.
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Fig.5

Logarithmof (100/6)1! and (1/IO)T0 resp.,as a function of the reciprocal

temperature:\7 and & at a'=0.00, +and X at a'=0.16, Q and 0 at

a'=0.34,@ and jfr at ct'=0.60. The lines are described in the text.
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5. DISCUSSION

The most manifest result of the present investigation is the fact that

the frequency dependent deuteron relaxation in methylene groups of PMA cannot

be satisfactorily described in terms of a simple isotropic motion of the CD_

unit, a result that agrees with previous results of deuteron relaxation

in COOD-groups of PMA or PAA, poly(acrylic acid), molecules ' . Recently

Cutnell and Glasel reported on the motional behaviour of PMA molecules in

aqueous solutions, as studied by nuclear magnetic relaxation experiments

13 2

( C-T and NOE, and H-linewidth of perdeutero PMA; at a Larmore frequency

of 25.2 and 9.2 MHs respectively). They discussed their "C results in terms

of a single correlation time for the motion of the chain segments; a model

that is not able to describe the frequency dependent deuteron relaxation

rates of the present work. Their deuteron results (e.g. the assumption that

the methvlene deuteron resonance is unobservable) are contradicted by our

pulse experiments and also by the fact that Van der Klink was, even at

a'=0.00, able to measure a methylene deuteron spectrum of CD.PMA at Bruker
(22)

m Karlsruhe, using the SLARC method .

Our model of an anisotropically reorienting rigid monomeric unit is

consistent with the observed temperature and a'-dependence of the obtained

correlation times T and x . Inspection of the values, as given in Table 3,

shows that an increase of ot' leads to a decrease of T 0 and T , in particular

in the low a'-range. This behaviour indicates an increase of the local

mobility in a PMA molecule at increasing charge on the macromolecule, even

though the energies of activation increase. This increasing mobility is

obviously connected with the well-known behaviour of PMA to have much more

extended conformations at high a'-values.

In the case of PMA it has been shown that a change of temperature at a

given value of a' causes substantial changes in the conformations of the
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(2 23 24)macromolecule * , A non-Arrhenius temperature dependence, in particular

at a'-values between 0.10 and 0.30, may therefore be expected for the corre-

lation times. Fig.5 shows indeed such an observation, since a much stronger

deviation from a simple exponential energy of activation dependence is found

at a'=Q.16 with respect to the results at a'=0.00, 0.34 and 0.60. This result

indicates that the energy of activation is substantially larger in the more

extended conformations, an observation which is supported by the calculated

values of the energies of activation, as given in table 4. A graphical

representation of this behaviour is given by the two broken lines in Fig.5,

indicating a strong increase c the slope of log! vs the reciprocal abso-
o, i

lute temperature at increasing temperature in the case of a'=0.16. No

litterature data on the energy of activation in the present system are

available, but, in the case of solutions of methylesters of PMA in 0-

dichloro benzene and chloroform, the litterature data are 5-6 Kcal, per

mole(25'16>.

The present model, yielding the values of the two correlation times

(T and T ) , cannot be interpreted directly in terms of specific local

o i
motions, due to the complicated nature of the system studied. As T des-

l

cribes a partial loss of correlation, single-bond rotameric jumps are
suggested, while t characterizes the process that causes complete loss of

o

the remaining correlation. The latter process involves at least part of the

macromolecular chain, since single-bond rotameric jumps do not cause complete

loss if correlation.
In the case of non-charged macromolecules, in the solid and the molten

phase, models of a more direct macromolecular form are in use, in particular

(27)
defect-diffusion models . A simple defect-diffusion model, as presented

( 28)by Haeberlen in his study on proton relaxation in solid polyethylene ,

yields the following expression for the longitudinal relaxation rate of a

94



proton in a me thylene group

4, 2
I_ 3_

V l0 16 M
27PQ-P)

16

where w is the Larmor frequency, P is the defect concentration and T is the

defect lifetime, while we have used the notation T=(.1-P)T . Since in principle

both P and t are temperature dependent, it is clear that T and x in general

will have a different dependence on the temperature. The simple model for

che dynamics in a macromolecular chain, that forms the basis for eq.(7), is

already able to give a description of the phenomenon that a smaller correla-

tion time has a larger energy of activation; a situation we have encountered

in the present investigation, as can be seen by inspection of the values

given in Table 4.

Recently there have appeared several papers in which a new approach to the

(29 30)

dynamics of correlation loss in macromolecules is published ' .It con-

sists of calculation correlation functions of chain molecules of which the

monomeric units execute elementary displacements, while the chain has a

geometry given by a tetrahedral lattice. It seems promising to apply this

approach to the correlation functions involved in nuclear magnetic relaxation

of charged macromolecules.

CONCLUSIONS

We have shown that it its necessary to describe the frequency dependence

of longitudinal and transverse relaxation of CD -deuterons in PMA by at least

two correlation times, T and T; , and one angle, Q, at least in the range

3.4-9.2 MHz. It was found that x was always much larger than x., implying

that the correlation loss of the C-D bond is governed by two timeconstants,
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indicating a distinctly anisotropic process«

Although the possibilities of a molecular interpretation of the parameters

obtained is limited, we have suggested that the study of deuteron relaxation

rates -in particular in the a'=0.10 to 0,30 range- and dt many temperatures-

could yield more precise information on the molecular dynamics involved in

the changes of the conformations of the weak polyacid PMA.

Finally we want to emphasize the importance of extending the experiments

to higher Larmore frequencies (in order to get a frequency dependence of the

Tj-term in the relaxation rate experssions).
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CHAPTER 7.

SIDEGROUP MOTION IN CD„PMA. CH„ AND COOD

1. INTRODUCTION

This is the second of two papers in which we report the results of nuclear

magnetic relaxation measurements in aqueous solutions of selectively deuter-

ated PMA(-{-CD -CCH_COOH-] ). In the first paper the deuteron relaxation of
¿ i n

me.thylene deuterons was discussed , while the subject of this paper is the

deuteron relaxation in acid groups and the proton relaxation in methyl groups.

Due to the absence of overlapping methylene proton resonance (the proton

(2)

methylene-methyl shift in PMA is about 0.8 ppm ), it is possible to measure

the methyl-proton relaxation rates also at Larmor frequencies that are sub-

stantially lower than 60 MHz. As was shown in a previous paper, it is possible

to obtain the relaxation rates of deuterons in polyacid groups by performing

experiments on heavy water solutions of PMA .

Weak polyacids such as PMA have been shown to exist as flexible more or

less, densely coiled chains when bearing no charge. Upon charging such a poly-

electrolyte -which can be done by adding a strong base to the polyacid

solution- more extended conformations are induced as a consequence of the

increasing Coulomb repulsion between the negatively charged sidegroups along

the macromolecular chain (COO ).The symbol a1 denotes the degree of neutrali-
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zation of the polyacid (controlled by the amount of added base, in our case

WaOH). Since solution properties of'PMA", as a function of a' may, in con-

trast to some other vinylic polyacids, be discussed in terms of conforma-

(4-7)
tional transitions , it has often been suggested that PMA will be a

good model-compound for biopolymers showing conformational transitions in

solution.

The relaxation rates of the methyl protons and the acid deuterons were

investigated as a function of a' at several Larmor frequencies. In this way

an initial characterization of the evolution of the microdynamical behaviour

with polymer charge may be arrived at, as shown previously .

2. THEORETICAL

For nuclear magnetic relaxation of methyl protons, which have a spin 1=2,

the nuclear magnetic dipolar interaction between the three methyl protons is

the most important relaxation mechanism; this interaction is modulated by ro -

tations of the dipolar vectors involved. In the case of dipolar interactions

between three nuclei of the same rigid unit (e.g. protons in a methyl group),

the relaxation will in general be nonexponential, as was pointed out many

years ago by Hubbard . The deviations from an exponential time-dependence

are caused by the presence of cross-correlation terms, resulting from inter-

ference between pairwise dipolar interaction. This nonexponential pattern

will only become manifest when the overall motion of the rigid unit is aniso-

tro^ic. There exists a substantial amount of litterature on these phenomena

in which numerical results -obtained by solution of an eigenvalue problem

in terms of auto-correlation spectral desities, J (kü) ), and cross-

correlation spectral densities, J (ku0)- of cross-correlation in the presen-

ce of anisotropic motion within ' , and outside the narrowing limit ,
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are given. In a recent paper distinctly nonexponential time-dependences of

the magnetization of protons in the methyl group of acetrizoate in the

(12)
presence of serum albumin, dissolved in D O , were reported . In the study

of the present system in which all the protons of the macromolecule are

methylprotons, excluding therefore the results of spin diffusion between

different macromolecular protons, we indeed encounter nonexponential time-

dependences of the observed magnetization. In previous work, for systems

obeying the Bloch equations, least-square fitting procedures were applied

(for signal/noise reasons) to obtain the relaxation rates of macromolecular

nuclei from the time-dependences of the magnetization . This procedure

clearly fails in the present case in which the time-dependence of the magne-

tization is nonexponential. We therefore use the limiting slopes at t=0

of (Mn~M (t)), or M (t), versus t plots to obtain the relaxation rates in
"O z xy

the absence of cross-correlation (viz. setting all J (tao ) equal to zero).

In the following we will use for these slopes the notation T and T. ,

although in the actual system T and T^ are not defined, as a consequence

of the nonexponential behaviour.(The deuterons in the COOD/D 0 environments

show exponential time-dependences, so that their T and T will have the

normal meaning).

For nuclear magnetic relaxation of deuterons, which have a spin 1=1, the

interaction of the nuclear quadrupole moment with the electri field gradient

arising from the non-spherical symmetry of the electron distribution in the

chemical bond, is the most important relaxation mechanism; this interaction

is modulated by rotation and/or chemical exchange. In a previous study it

was demonstrated that the exchange process of deuterons between D„0 and poly-

acid-COOD environments in PMA. is in the so-called "rapid exchange limit",

leading to observed relaxation rates that are weighted averages of the

relaxation rates in these two environments . Due to the relative values
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of the exchange--and-rotational times the correlation loss of the deuteron

will be causedby rotations of-the OD-bond in the.polyacid-COOD group.

In this study two probes are therefore available to monitor sidegroup

motions in the present macromolecule: protons in methylgroups and deuterons

in COOD groups. In order to describe the rotational motions involved we will

use a model in which a backbone carbon atom reorients according to a cylindri-

cally symmetric rotational diffusion process, a model already applied several

(1 3 13)
times in our polyacid work ' ' . Relative to this backbone atom, the

methyl-proton dipolar vectors and the acid OD-bond have respectively one and

two internal rotational degrees of freedom. A schematic planar representation

of the dipolar vector and the OD-bond, relative to the Di and D. axes, are

given in Fig.1.

Loss of correlation caused by rotational diffusion processes wich additional

internal rotational diffusion is discussed in the well-known studies of

Woessner, Huntress and Versmold . Based on their work, and the extensions

to correlation times outside the narrowing limit ' ' , the following

expressions for the methyl proton relaxation rates are obtained

T = ̂ ~
1,2 10 k=0,l,2 1=0,2 Ckl Tkl fl,2 ( üV

where Cfcl and xfcl are given in terms of sin
2 ¥ and the diffusion constants

resp. in Table 1., where 'V is the angle between the backbpne-C methyl-C bond

and the symmetry axis of the rotational diffusion tensor, and where m is the

Larmor frequency; the frequency functions f( 2<
<Vriti>

 a r e defined according

to

(f + f ]
kl

(2)

(3)
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Fig.l. Schematic planar representation of thè CH^-group and the

OD-bond, relative to the Di and D. axes.

D
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TABLE 1.
2

Definitions of c, ., and T in terms of X(=sin T) and the rotational

diffusion constants respectively; ¥ is the angle between the (methyl)C -

(backbone) C axis and the DA, direction. Di and D.. are the elements of

the rotational diffusion tensor of the backbone c-atom, D is the diffusion

constant for the internal rotation about the C-CH.J bond.,

kl

0 -H2 - 3x)'

— x(, 1 — xj ;

2 "8 X

(6D.)
-1

.-1

4.5

f x(2 - x)

; (6Dj_+4D)'

,-1

- ^ (8-8x + x 2);

In contrast with the present proton results, we have found (again) that

we can describe the frequency dependent longitudinal and transverse deuteron

relaxation at five frequencies (3.4 to 9.2 MHz) by the sum of only three

frequency functions f. 2(ü)0T) , instead of the derived twenty-seven frequency

functions for the case of two internal rotations and cylindrical symmetric

overall rotation. In a previous paper on deuteron relaxation in polyacid-COOD

groups we have shown that this reduction from twenty-seven to three functions

(3)can be obtained in several ways ,

All three reductions, given in relerence 3, lead to the following

expressions for the deuteron relaxation rates

r"1 - - 3 -
1,2 160

eqeCk 2

• . 2
where x=sin (j), (¡|) is tha angle between the OD-bond and the symmetric axis

of the rotational diffusion tensor) and where x0, T^and T are functions of

the diffusion constants as given in Table 2 (we have chosen only the third
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interpretation of the reduction out of the three given in reference 3)

TABLE 2

Definitions of T 0 , T and T2 in terms of the elements of the ro t a t i ona l

diffusion tensor of the backbone C-atom. 1

-1 + D* (2Dj + -1

( ° ) is the quadrupole coupling constant and tüQ is the Larmor frequency.

In the derivation of eq.(4) we have assumed a cylindrical symmetry for the

electron distribution in the bond and relaxation occuring through, anisotropic

reorientation of the bond axis with respect to the Zeeman field. If the

deuteron can be in either of two environments, 1 and 2, and the exchange

is rapid, the observed relaxation rate is given by(18)

(5)

¿S

where p. „ are the probabilities to find the deuteron in each of these

environments. In the present case, a deuteron is either in a COOD-group or

in a D20 molecule. In the latter instance the relaxation rate will be propor-

tional to the reciprocal of the solvent self-diffusion coefficient, D. The

expressions for the observed relaxation rates become

2X1
l,2yobsvd

Do -1
D ul,2'0 (6)

-1where the index 0 indicates the pure solvent (DO), (T? ,)_.„. is given by
£. i y 2. GOOD

eq.(4), a' is the degree of neutralization and X. and X are the molar

fractions of D20 molecules and PMA.-monomers respectively.
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A more extensive treatment of the present rotational model has in the case

of COOD-deuterons been presented elsewhere ' ' , while in the litterature

much attention has been paid to proton relaxation in macromolecular methyl

(11,12)
groups .

3. EXPERIMENTAL

Syndiotactic, selectively deuterated PMA was synthesized by hydrolysis of

the corresponding methylester, PMMA;details on the synthesis and hydrolysis

of PMMA are given elsewhere . The viscosity averaged molecular weight, M ,

was 0.35x10 , the percentage of syndiotactic triads was 85%, and the

methylene deuLeron fraction was greater than 0.99; tacticity and degree

of neutralization were determined by HR-NMR spectra o£ PMMA in CDC1, at

100 MHz and 80°C, using the ester-methyl resonance as a reference signal.

NaOD solutions were prepared by dissolving freshly cut sodium in D O in a

nitrogen atmosphere. D„0 solutions were obtained by dissolving PMA in D„0,

freeze drying and redissolving in D.O. This procedure was repeated three

times.

heavy water solutions of PMA at several degrees of neutralization, a',

were prepared by adding calculated quantities of fully neutralized PMA

solutions to weighted amounts of unneutralized solutions of the same concen-

tration. Both stock solutions and all (twelve) samples have the same concen-

tration; the molar fraction of the macromolecule, on a monomeric base, X.,

is 5.8x10 . Due to the relatively fast relaxation rates of the protons, it

is unneccesary to replace dissolved air by nitrogen or helium. All sample

tubes have a diameter of 10 mm. and they contained a volume of 1.5 cm approx.

All operations involving the D O solutions were performed in a dry air at-

mosphere .

Relaxation rates were measured on a Bruker pulsed-NMR spectrometer, using
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ir—x —¿IT sequences for the longitudinal and £-n~T~iï sequences for the transver-

se relaxation rate. The magnet was a 12-inch Varian electromagnet, control-

led by a Varian fluxstabilizer and a Eruker pulsed-NMR lock at a field of

14.21 kG and at all lower fields by the. fluxstabilizer only. Since the water

proton content of the heavy water samples was approx. 0.2-0.3% two proton

signals were present: remaining water protons ani PMA-methyl protons (in a

ratio of approx. 1:2). Due to the difference in longitudinal relaxation

rates of at least two orders of magnitude, we were able to suppress the water-

proton signal (still observing the PMA methyl protons signal) by using an

appropriate trigger rate. In several cases we have measured all proton

signals, using very low triggerrates (e.g. 40 seconds). One can determine,

by analysing the total nonexponential dependence of (M - M (t))vs
0 z

time, both the methyl proton and the water proton relaxation rates (it has

to be noticed that-as was discussed in- the theoretical section- the relaxa-

tion of the methyl protons alone is already nonexponential). Both procedures

yielded the same value for the methyl proton relaxation rate and we therefore

have used the first method (saturation of the water-proton signal) through-

out the proton experiments.

D_0 self-diffusion coefficients were determined with a Bruker pulsed-

gradient apparatus in a home-built, liquid thermostated, probe head at 28°,

45 , 62 , 80. and 89 by measuring the attenuation of the spin echo signal

as a function of the gradient magnitude. All self-diffusion coefficients were

measured relatively to a standard D„0 sample (Merck 2919).
1 2
H and H relaxation experiments were performed at Larmor frequencies of

resp. 4,8,16,32,60 and 3.4,4.0,4.6,6.9,9.2 MHz at the temperatures of 28° and

80°C; the temperature of the sample was controlled by the Bruker gas-thermos-

tated system. Additional experiments at 45°,62° and 89°C were performed with

four samples (a'=0.00,0.16,0.34 and 0.60), while in cases of a weak frequence

depen-
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dence some members in this set of experiments were judged to be superfluous

and were therefore not executed (highest temperature and/or lowest Larmor

frequency).

In the case of the pulsed-gradient spin echo experiments the signal of

the phase sensitive detector was measured on a storage scope, while in the

relaxation experiments the magnetization values were obtained by averaging

(19)
with a home-built digital boxcar instead of the storage scope

¿. RESULTS

First we will present the deuteron results; in order to obtain

(T _)„_„_. we have to determine the D„0 self-diffusion constant, as can be

seen in eq.(6). At the present investigation we have only used one PMA-

concentration (X =5.8x10 ). Earlier work on D O self-diffusion in PMA

and poly(acrylic acid), PAA , was performed at several concentrations.

Both times we found that the self-diffusion coefficient, as measured by the

pulsed-gradient spin echo technique, could be represented as a linear funct-

-3
ion of the concentration. At the present concentration, X„=5.8xlO , it is

possible to represent our results at all five temperatures (28 ,45 ,62 ,80

and 89°C by

(Do-D)/D = [p - q (1 - a')] (7)

where at the five temperatures involved we have {p,q}={41,32}, {64,55},

{28,9}, {24,13}, {31,13} for the temperature from 28°C to 89°C, with an

estimated accuracy of ten percent.

Using eq.(7) for the change in D /D and taking litterature data for the

solvent-deuteron relaxation rate in D„0 at the temperature involved we have

derived from the observed relaxation rate, at given a', T and Ü>0, the value
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of the longitudinal/transverse relaxation rate of a deuteron in a COOD-group,

(T~' ) by applying eq.(6). We found that frequency-dependence of
I y 2, CQOD

(T-1 ) at all temperatures and a'-values could, in the applied frequency

range (3.4-9.2 MHz), be analyzed according to eq.(4). It turns out that xQ

is always much greater than T and x • This leads to the conclusion that to

a very good approximation x,equals four times x ,as can be seen from their

definition in Table 2. It was possible to make least-square fits of the

(T~ ) values obtained at all five frequencies, in the case of all nineteen

conditions (given by the temperature and a') by taking a value of 240 kHz

for the deuteron quadrupole coupling constant, DQCC; the fits having a

relative rms-deviation of 1 to 6%. Arguments for the choice of the DQCC-

value, the influence of this choice and graphical representations of the

results of the fits can be found in reference 3;--in that paper the reason

for obtaining two solutions foriB.XjKs also discussed. The values of the

_ —1 —1
obtained parameters (9,xo=[6DiJ and Tx=[l>,] ), are given in Table 3.

TABLE 3

Parameters obtained by least-square fits of the observed deuteron relaxation

rates at five frequencies, by applying eq.(4), (6) and (7).

a' T(°c) A
 ö To T!
degrees nano nano

sec. sec.
degrees nano

sec.
nano
sec.

0.00

0.00

0.00

0.00

0.00

0.04

0.04

0.10

0.10

28

45°

62°

80°

89°

28°

80°

28°

80°

29

31

28

33

39

32

42

34

46

115

80

57

47

40

85

24

70

22

1.5

1.6

1.7

1.9

1.9

1.9

1.7

2.3

1.2

—
-

-

81

77

-

70

-

65

—
-

-

47

40

-

24

-

22

—
-

-

4.3

4.6

-

2.8

-

1.7
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a

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

1

16

16

16

22

28

34

34

40

50

60

T(°C)

28°

45°

62°

28°

28°

28°

45°

28°

28°

28°

e
degrees

38

41

44

40

43

45

47

47

53

53

To
nano
sec.

50

30

17

37

35

33

22

33

33

33

nano
sec.

2.5

1.7

1.1

2.3

2,0

2.0

n.8

1.7

1.7

1.7

6
degrees

79

72

68

74

70

66

64

64

62

62

nano
sec.

50

30

17

37

35

33

22

33

33

33

nano
sec.

6.0

3.2

1.9

4.5

3.4

2.9

1.1

2.3

2.2

2.2

The amount of deuterons incorporated in the polyacid-COOD-groups

diminishes linearly with a' and the efficiency of a COOD-group as a deuteron

relaxation centre decreases strongly at increasing temperature. Therefore

no reliable COOD-parameters can be obtained at a'-values greater than 0.60

at 28°C, while at higher temperatures this a'-limit is even lower. Conse-

quently the temperature- and ot'-range was limited to values where an analysis,

based on deuteron relaxation in COOD-groups, could still be made. In Fig.2

we have plotted the obtained Di -values (as given in Table 3) and the

ft -values obtained from the analysis of deuteron relaxation in methylene

groups of CD PMA, as obtained before , as a function of the degree of

neutralization, a'. (In Fig.2 have also been plotted Xb- and D-values

obtained from the methyl-proton relaxation; the way in which we have deter-

mined these values will be presented below).

We now will present the results of the proton relaxation experiments on

the methyl-protons in the same solutions of CD.PMA in D.O. In contrast

to the analysis of the observed frequency dependence of the COOD-deuterons
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we had to include an internal rotational diffusion constant, D, in order to

describe the observed methyl-proton relaxation data. Caused by the higher Lar-

mor frequencies of protons, relative to deuterons in the same magnetic field >

there are at many ot'-and temperature values contributions of ^,-terms to the

relaxation rates that are outside the narrowing limit. The D-terms give only

occasionally rise to a frequency-dependent contribution to the relaxation

rates. In all these cases we have to use eq.(I), while in the deuteron study

on COOD-deuterons only the Di -terms give rise to frequency-dependence of the

relaxation rate, yielding eq.(4) where both internal rotational processes

are eliminated. Using eq.(l) confronts us however with four parameters

(Di ,Dri ,D and V ) , while the relaxation data are less accurate than the deuter-

on relaxation data, for reasons given in the theoretical section (e.g. cross-

correlation and signal/noise). Least-square fits were made in all thirty six

cases (temperature and a'-value combinations. For Di two fixed values were

used to limit the number of adjustable parameters. These values were

a) ft obtained from the CD„ experiments and

b) ft from the COOD results; the latter as far as available (see Table 3 of

reference 1 and Table 3 of the present work respectively). It turned out that

acceptable fits (relative rms-deviations 3-9%) resulted with values of ft

in the whole range between Di "CD and Di-COOD by making appropriate changes

in the values of ¥, DA, and D; always using 1.8 2 for the intramolecular pro-

ton distance in CH . The parameters obtained in the fits are given in Table 4.

The left-hand and right-hand sides .of the table are the result of using the

Di-CD and Di-COOD values respectively. The experimental and calculated

relaxation rates for the experiment {a'=0.28, T=28°C} are plotted in Fig.3

as a function of the Larmor frequency, V . The obtained values of D^ and D,

as given by the left-hand side of Table 4, are plotted as a function of a'

in Fig.2 (note the difference in scaling of DI and {T>/*,T)} respectively).
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Fig.3. The observed methyl proton relaxacion rates of CD.PMA-solutions
_3 ¿

(X -5.8x10 ; a'=0.28) at two temperatures as a function

of the Larmor frequency, V - A

0: 'T"1, andQ : T"1 at 80°C.

T. > T at 28°C.

100

(sec-1)

A

50

• ©

0 50
.». V (MHz)
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TABLE 4

Parameters obtained by least-square fits of the observed proton

relaxation rates at five frequencies, by applying eq. (1) and using

Dj values from COOD-and/or CD„-fits, as described in the text.

c

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

x'

00

00

00

00

00

04

04

10

10

16

16

16

16

16

.22

.22

.28

.28

.34

.34

.34

.34

.3¿

.40

.40

.50

.50

28°
45°
62°
80°

89°

28°

80°

28°

80°

28°

45°

62°

80°

89°

28°

80°

28°

80°

28°

45°
62°

80°

89°

28°

80°

28°

80°

(fb
sec )

3.1

4.3

6.4

6.7

6.9

3.9

7.3

4.3

7.6

4.9

4.9

6.7

7.9

9.3

5.3

9.3

5.7

9.8

6.0

6.4

9.8

13

.15

6.4

20

8.0

21

sec

0.20

0.20

0.30

0.40

0.40

0.10

0.35

0.10

0.45

0.12

0.20

0.40

0.60

0.70

0.18

0.70

0.18

0.80

0.25

0.35

0.55

0.90

1.1

0.25

0.90

0.25

0.90

D 9

sec )

0.30

0.40

0.45

0.80

0.90

0.35

0.65

0.30

0.70

0.25

0.40

0.50

0.80

0.90

0.25

0.90

0.30

1.1

0.35

0.60

I.I

1.8

2.2

0.35

1.7

0.35

1.7

Ï
(de-
grees)

18

18

16

26

28

24

38

24

40

29

36

40

44

45

32

46

36

48

40

46

46

48

49

41

49

42

49

sec )

1.4

2.1

2.9

3.5

4.2

2.0

6.9

2.4

7.6

3.3

5.6

9.8

-

-

4.5

-

4.8

-

5.1

• 7.6

-

-

-

5.1

-

5.1
_

sec )

0.10

0.11

0.15

0.30

0.30

0.11

0.30

0.15

0.45

0.14

0.20

0.35

-

-

0.18

-

0.18

-

0.25

0.35

-

-

-

0.30

-

0.30

_

D (

sec

0.

0.

0.

1.

1.

0.

0.

0.

0.

0.

0.

0

-

-

0

-

0

-

0

0

-

-

-

0

-

0

-

"S
50

60

80

1

2

40

65

30

70

25

40

55

.25

.30

.40

.70

.35

.35

(degrees) .

34

34

32

32

34 i

33 1
39 1

31 I

40 i

'i
36 }

37 ]

-

34 :

37
-

40

46
-

-

-

41

-

42
-
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0.60

0.60

0.60

0.60

0.60

0.80

0.80

1.00

1.00

I l e ^ 9 9 * D l 6 D'/9 D 9 ¥

( C) (lOlj (10_, ( 1 0 _ , (de- (10_j (10_, (10 _j (degrees)
sec ) sec ) sec ) grees) sec. ) sec ) sec )

28"

45°

62°

80°

89°

28°

80°

28°

80°

8.3

11

17

21

22

9.2

26

8.3

24

0.25

0.35

0.60

0.90

0.90

0.25

0.80

0.20

0.80

0.40

0.75

1.1

1.6

1.6

0.35

1.5

0.35

1.5

42

46

47

47

49

39

46

38

44

5.1 0.30 0.40 42

(respectively)

It is to be noted that probably both the C00D- and the CD -value for Di

differ from the actual value for the backbone carbon involved (e.g. the

0t-C-atom to which the a methyl group is attached), though for different

reasons. D|~CI>2 does not necessarily equal IJi which refers to the ot-C-atom.

On the other hand Di -COOD, referring to the a-C-atom, reflects in some way

the internal 0D motions, possibly leading to a somewhat incorrect value for

All least-aquare fits have relative rms-deviations in the range of 3-9%,

even using Dj-values which differ a factor of two, as can be seen in ¥

Table 4. This is possible by making appropriate changes of the angle V in

particular, since the coefficients C., of eq.(l) have compensating depen-

dences on <f. We have plotted the six coefficients C as a function of

(in the range ¥=0-90 degrees) in Fig.(4a). However, in many cases we have

IJL « ^11 « D and inspection of T , as given in Table 1, shows that

eq.(l) reduces to the sum of only three frequency functions f (u ,T)

with T equals Tfl(), T01and TZ|). The coefficients are then C o o, (C01
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Fig.4a: C, . as a function of the angle T , A/F are C

with kl is oo,01,02,20,2iand 20 respectively.
kl

0.5 „ ^

0.4.

0.3,

0.2

0.1

0.0

Fig.4b: C , the dotted line and (C + iC ) , the full
00 • 01 02

line, as a function of the angle ¥.

20 60 80
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and (C
2O

+C
21

+C22^ The first two are Plotted in Fig.4b as a function of ¥,

while the latter is independent of f and has a value of 1.5. The necessity

of using eq.(l) in its full form or in its reduced form depends on the

experimental circumstances (via. the temperature, a' and u)0) and we have

calculated the strongest frequency term, l1"1"^!^] ' at u o = 2ïïx60x10 rad s >

in the case of the largest and the smallest values of T. . encountered in

Table 4. The result of this caïculation is given in Table 5.

TABLE 5

The frequency-dependence, represented by the term ['+¿lWoTkl-' 'at

values of X in the present work for ID =2ÏÏX60X10 rad sec .

limiting

kl

00

01

02

20

21

22

{a';Temp}-! (max)

0.00;28°C

0.04;28°C

0.04;28°C

0.22;28°C

0.16;28°C

O.16;28°C

6 x 10~4

0.02

0.22

0.65

0.70

0.80

{a';Temp}-x (min)

0.80;80°C

0.34;89°C

0.34;89°C

0.34;89°C

0.34;89°C

ü.34;89°C

[1+4(0*

0

0

0

0

0

1

Tki ]~'

.04

.71

.97

.99

.99

.00

5. DISCUSSION

The necessity to describe the frequency-dependent relaxation of methyl-

protons in (CD )PMA in terms of modulations given by distinctly anisotropic

motion of the backbone and an internal rotation relative to this backbone is

the most obvious result of the present investigation. The importance of ani-

sotropic motion in PMA is already discussed in paper I (the deuteron relaxa-

tion in CDygroups; reference 1). A puzzling feature is the

large difference, at low a'-values, of a factor of two between the values
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of Di (or i ,T ) of the rotational diffusion centered in the CD -carbon atom

and in the a~carbon atom, as presented in Table 4 (or in Table 3 of referen-

ce 1 and Table 3 of the present work). Inspecting the results of the deuteron

experiments alone,three explanations seem possible:

1) experimental inaccuracy in the CD -measurements, due to the very fast

relaxation rates (a discussion of this problem is given in Paper I).

2) errors in the determination of ft -COOD, due to the impossibility to in-

vestigate the internal motions from the ot-carbon atom to the OD-bond with

experiments performed at Larmor frequencies limited to 9.2 MHz.

3) incompleteness of the present model, in particular the use of rotational

diffusion instead of rotational jumps, and/or the neglect of correlation

between different rotations.

In principle the proton results, obtained at Larmor frequencies up to 60 MHz,

should give additional information on the Dj-value. However by using only

the tangent to the curves formed by plotting (M -M (t)) or M (t) vs tima,

as discussed in the theoretical section, the proton relaxation data are less

reliable and we have neglected the information on the values of the diffusion

constants contained in the magnitude of the cross-correlation effects. It is

even possible to obtain some information on the amount of anisotropy of

motion by analyzing the cross-correlation effects on magnetization curves

obtained at a single Larmor frequency, as was shown nummerically and ex-

perimentally in references 11 and 12 respectively. By pursuing the analysis

of the uonexponential magnetization curves further dynamic information from

the present methyl-proton measurements can be obtained. Nevertheless we have

obtained a fairly consistent picture of the dynamics of PMA molecules in

solution, as represented by a monomeric rotational diffusion model. Inspec-

tion of all least-square fits on CD - H, COOD- H and CH - H results yields

the conclusion that for a monomeric unit the value of Di is
1
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[Di(CD„)+D|(C00D)]/2 plus or minus half the difference between the two De

values. Inspection of the values of D̂ , as given in Table 4 (viz,

results) and calculated from T given in Table 3 of reference 1 (viz. the

CD -results), shows that this diffusion constant can be estimated within 20%.

Since the value of EU, , as determined by analyzing the COOD-deuteron results,

will be strongly influenced by the neglect of internal motions (as can be

seen in eq.(4)) it is somewhat surprising that the difference is only a

factor of two at the most,as can be seen by inspection of Table 3 and of

Table 3 in reference \. This may be connected with the relative small differ-

ce between M/, and D (being the internal .diffusion-constant ^f the CH„-group

rotation), as is shown in Table 4. Energies of activation, obtained in a way

described in paper I, have values between 2.5 and 6 Kcal/mole; this is in

the same range as the energies of activation determined by analyzing the

CD»-deuteron data (paper I). Reliable litterature data on dynamics of macro-

molecules in aqueous solutions are rather rare, since most data are obtained

13 13

by analyzing C-T. values alone or sometimes with the C-NOE factor, ob-

tained at a single Larmor frequency. Most of these calculations use isotropic

rotation to determine an effective correlation time, x , thereby neglecting

the importance of anisotropic motion. It is therefore not surprising that

in most of this work the obtained x is inconsistent with the observed line
e

—1 (21 22}
width, which is a measure for T ' . Examination of the nummerical

example given in Table 4 gives some insight in the consequences of using only

Tj-values at high Larmor frequencies. Those experiments will neglect the

X0()-term in particular, a term which may be dominant in the transverse relax-

ation. Coates et al. have measured methyl-proton relaxation rates in aqueous

solutions of proteins at two frequencies (viz. 90 and 270 MHz) . Using
(14}

the treatment of Woessner of 1962 , in which isotropic rotational diffu-

sion with internal rotational diffusion of the methyl group is assumed,
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9 -1

an internal rotational diffusion constant of approx. 2.5x10 sec is ob-

tained in the ease of polyglycine at 18°C. The relevance of this number is

rather limited, since anisotropic rotational diffusion, is neglected and

even more so because the possibility of methyl groups functioning as relaxa-

tion sinks in a spin diffusion process is not accounted for. In reference

12 the relaxation of protons in a molecule bound to serum albumin is analyzed
9 -1

in terms of cross correlation and values of 0.05 and 1.8x10 sec are

determined for D|_ and (d/i +D) respectively at a temperature of 32°C. Compar-

ison of these values with the values given in Table 4 yield the conclusion

that the PMA methyl protons are considerably less mobile. The strong increase

of Di on increasing a', interpreted in reference 1 and 3 as an increase of

the local mobility, is much weaker in D/, . The a'-dependence of D reflects

directly the changes in rotational motion of methyl groups in PMA. Fig.2

shows that the methyl group mobility firstly decreases upon charging the

PMA.. Only when a a'-value of approx. 0.20 is reached, this mobility starts

to increase (to a limiting value which is reached at a a'-value of approx.

0.40). This phenomenon forms an indication that firstly conformations

charactarized by strongsteric hindrances are induced in PMA molecules, be-

fore at high charge density the more extended conformations are formed.

The result that such conformations are present in the range of transition

from densely coiled to more extended conformations may contribute to a

better understanding of the potentiometric behaviour of PMA. It is clear

that these relatively small changes in the dynamics cannot be interpreted

in a detailed way without much more experimental data, in particular analysis

of the cross-correlation effects and measurements of deuteron relaxation to

higher Larmor frequencies.
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6. CONCLUSION

By measuring the frequency-dependence of the methyl-protons and the COOD-

deuterons in D O solutions of PMA, we were able to obtain rotational diffu-

sion constants whicb. are in reasonable agreement with constants determined

in the study on CD„-deuterons. We therefore have a picture of the motions

in a simple weak polyacid at different degrees of neutralization, a picture

in which the anisotropy of motion is prominent.

We believe that experiments on methyl-deuterated PMA, measurements of

deuterons at higher Larmor frequencies and the analysis of the cross-

correlation effects in methyl-proton relaxation together will yield a more

pTecize picture and a more accurate characterization of the macrodynamics

of PMA.

121



REFERENCES

1) J, Schriever, J.J. Joosting-Bunk and J.C. Leyte, J. Magn. Res.

(to be published)

2) J. Schriever and J,G. Leyte, Biophys. Chem. (to be published)

3) J. Schriever, S.W.T. Westra and J.C. Leyte, Ber. Bunsenges.physik.

Chem. (to be published)

4) A. Katchalsky, H. Eisenberg, J. Polyra. Sei., 6̂, 145 (1951)

5) J.C. Leyte and M. Mandel, J. Polym. Sei., Part A, 2, 1879 (1964)

5) M. Mandel, J.C. Leyte and M.G. Stadhouder, J. Phys. Chem., T\_, 603

(1967)

7) Ph. Molineux in Water, volume 4 (F. Franks,ed.) Plenum Press (1975)

8) P.S. Hubbard, Phys. Rev. _IO9_, 1153 (1958); Ibid. jm_, 1746 (1958)

9) P.S. Hubbard, J. Chem. Phys., 52, 563 (1969)

10) H. Schneider, Z. Naturforsch. J9ai, 510 (1964)

11) L.G. Werbelow and A.C. Marshall, J. Magn. Res., U_, 299 (1973)

12) J.F. Rodrigues de Miranda and C.W. Hilbers, J. Magn. Res., _19.» "

(1975)

13) J.J. v.d. Klink, J. Schriever and J.C. Leyte, Ber. Bunsenges. physik.

Chem., 78, 369 (Í974)

14) D.E. Woessner, J. Chem. Phys., 3£. 1 (1962)

15) D.E. Woessner, B.S. Snowden, Jr., and G.H. Meyer, J. Chem. Phys., 5£,

719 (1969)

16) W.T. Huntress -Jr., Adv. Magn. Res., 4i, 1 (1970)

17) H. Versmold, Ber. Bunsenges. physik. Chem., 28.» 1318 (1974)

18) J.R. Zimmerman and W.E. Britten, J. Phys. Chem., 6j_, 1328 (1957)

19) J.J. v.d. Klink, Thesis, (Leiden, 1974)

20) J.C. Hindman, A.J. Zielen, A. Svirmickas and M. Wood, J. Chem. Phys.,
54, 621 (1971)

122



21) J.D. Cutnell and J.A. Glasel, Macromol., £, 71 (1976)

22) Reviewed by J.R. Lyerla, Jr. and G.C. Levy _in Topics in C NMR

SPECTROSCOPY (New York etc, 1974)

23) H.B. Coates, K.A. McLaughlan, I.D. Campbell and C E . McColl, Bioch,

Biopl. Act., JHO, 1 (1973)

123



CHAPTER 8,

CONCLUDING REMARKS

In this Chapter some additional results, a discussion of the results re-

ported on in Chapters 3-7 and opinions on future work in the present field

are given,

I. Besides a part of the methyl linewidths results (presented in Chapter 3)

and some data given in Chapter 2 (Table 2 and Fig.la and Ib.), n.o information

was given about proton relaxation experiments on D„0 solutions of nondeuter-

ated poly(methacrylic acid), PMA.. However, substantial experimental work in

this field was performed along lines similar to the proton relaxation work

of Chapter 7 (viz. longitudinal and transverse relaxation measurements at

five Larmor frequencies, V =4-60 MHz, and at temperatures in the range 28 -

89 C). In total three sets of solutions were.used, one of syndiotactic PMA.

_3
(at a concentration X =5.8x10 ) and two of atactic PMA (at concentrations

X =5.8x10 and 1.08x10 ¿ ) ; X is the molar fraction of PMA on a monomeric

base.

The data reduction (obtaining relaxation rates from the experiments at

given{v ,T} and determining the molecular parameters from the frequency de-

.pendence of the relaxation rates) is only in its first phase.Therefore no
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results similar to those presented in Chapters 5-7 are available. To give an

impression of the results we have plotted in Fig.l and in Fig.2 data of pro-

ton relaxation in D.O solutions of methylene deuterated and nondeuterated

syndiotactic poly(methacrylic acid). The longitudinal relaxation rate of

Ch -protons, as determined by TT—x—TT/2 sequences, at the two limiting Larmor

frequencies of the present work are plotted in Fig.l as a function of the

degree of neutralization, a'

Fig.l Longitudinal relaxation rate of CH.-protons in D,0 solutions of

-3
s-CD-PMA at a concentration, X. = 5.8 x 10 , at two Larmor frequen-
cies and at a temperature of 28 C as a function of ot':

V

Í
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60 MHz.

0 :v = 4 MHz.
o

Q

G Q G

I I I
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The relaxation rates were obtained by taking the limiting tangent at short

time to the curve (M -M (t)) vs time, as described in Chapter 7. Fig.3a of

Chapter 2 demonstrates that, for longitudinal relaxation, cross-correlation
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effects are relatively unimportant (and they are almost absent in the

4 Mhz experiments). We estimate errors of approx. .10%, at the most. The long-

itudinal relaxation rate of CH./CH- protons, as determined by TT-T-TT/2

sequences, at the same two Larmor frequencies (viz. 4 and 60 MHz) are plotted

in Fig.2 as a function of the degree of neutraliztion, a'

Fig.2 Longitudinal relaxation rate of CH_/CH -protons in D_0 solutions of

s-PMA at a concentration, X. =5.8 x 10~ , at two Larmor frequencies

and at a temperature of 28°C as a function of a':

0 : VQ = 60 MHz.

Q : v = 4 MHz.
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Only one aspect of the results presented in fig.l and fig.2 will be dis-

cussed here.Inspection shows thai there is little difference in the relaxa-

tion rates depicted in the two figures at 60 MHz¿, while a large difference

in the relaxation rates is observed at A MHz.This gives information about

the relative effectivity of CH- and CH„ groups in PMA as relaxation sinks in

spin-diffusion processes (those processes are present and important in the

case of non-deuterated PMA, as was shown in fig.lb and 2b in chapter 2).One

may conclude that there is little difference at 60 MHz. and substantial dif-

ference at 4 MHz. in the effectivity of CH„ and CH„ protons as relaxation

sinks, at least for the present system.This demonstrates that information

about microdynamics may already be obtained from a simple analysis of nuclear

magnetic relaxation data, since inspection of fig.l and 2 leads without expli-

cite calculation to the prediction that the important correlation times in

CH- groups are substantially longer than in CH groups.

13,
The last experimental results reported on in this thesis are C relaxa-

tion rates in D.O solutions of syndiotactic.nondeuterated PMA at a concentra-

tion of X = 5.8 x 10 , at a Larmor frequency of 22.6 MHz. and at a tempera-

ture of 40°C.They were obtained at Bruker-Karlsruhe by Westra.The preliminary

results are the following longitudinal relaxation rates: 32, 29 and 11 sec.

at a1 =0.10 and 44, 22 and 10 sec." at a' = 0.34 for the 3-C atom, the

methyl-C atom and the ct-C atom respectively.The obtained linewidth indicate

thet the C relaxation rate will be frequency dependent, as was already found

for protons and deuterons in the present study.

II.The experiments reported on in this thesis can be devided into three

sections:

a. the observation that the nuclear magnetic relaxation of nuclei incorpora-

ted in PMA molecules shows a dependence on the degree of neutralization
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(this conclusion was first reached from the study of the proton line width

as a function of the degree of neutralization, a', see chapter 3).

b. the conclusion that deutëron magnetic relaxation measurements on D O so-

lutions of PMA yield information about the relaxation behaviour of poly-

acid deuterons (at least up to a limiting value of a', depending on con-

centration, temperature and Larmor frequency).The experimental confirma-

tion that the magnetic relaxation in polyacid COOD groups is rotationally

modulated, was also obtained.These resultis were given in chapters 5 and

4 respectively.

c. the determination of molecular parameters (values for elements of diffe-

rent rotational diffusion tensors and for orientational angles of these'

tensors) of syndiotactic, methylene deuterated PMA., s-CD PMA, from deute-

ron and proton relaxation experiments, as described in chapters 6 and 7.

With respect to the experiments of the second section, one can conclude

that now some lifetimes of hydrogen in polyacid COOD groups are known and that

they clearly indicate the errors which can be made (and in the litterature

often are made) in the interpretation of results obtained by deuteron magne-

tic relaxation work on D.O solutions of macromolecules containing weak poly-

acid groups, (and by analogy in the case of weak basic groups).

The experiments of the third section yield several conclusions which are

independent of the molecular model,viz.frequency dependent studies on magnetic

relaxation of PMA. nuclei are fruitfull, the results of those experiments are

sensitive to the amount of charge on the PMA chain, the rotational motions in

PMA molecules (as monitored by nuclear magnetic relaxation) are distinctly

anisotropic and, in s-CD PMA, the effects of cross-correlation are substan-

tially present at high Larmor frequency, low temperature and low a'.(It has

to be noted that only properties of PMA in aqueous solutions are discussed in

the present thesis.).
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Calculations based on a simple model for the rotational motions in PMA,

yielded reasonably consistent model-parameters (the orientation and the ele-

ments of rotational diffusion tensors) from the magnetic relaxation of diffe-

rent nuclei as a function of the Larmor frequency.There are, however, two

serieus problems.

Firstly, the experiments give rise to certain problems.The deuteron re-

laxation rates of the CD„ deuterons at low a' and low temperature contain

large errors, due to the probe head.The analysis of the time dependence of

the z- and xy-magnetization is, in the case of methyl protons in s-CD PMA,

incomplete, since the effects of cross-correlation are not taken into account.

Secondly, the model describes the rotational processes in PMA by non-

correlated rotational diffusion processes only.This is certainly a simplifi-

cation of the actual microdynamics of PMA, but even this simple description

of the motions in PMA molecules gives rise to a number of parameters which is

not small with respect to the number of relaxation data (e.g.4 parameters

and 10 relaxation rates in the case of methyl protons).Both problems discus-

sed above lead to the following opinions about improvements and extensions

of the present work

III.From an experimental viewpoint, the reduction of the errors in the CD-

experiments (by application of the SLARC method), the extension of deuteron

relaxation measurements to higher magnetic fields (up to 60 kG. can now be

realized in our laboratory) and the improvement of the analysis of CH, pro-

ton experiments in CD.PMA are necessary.

From a theoretical viewpoint, the study of the shortcomings in the pre-

sent model should be undertaken.Such a study can, in principle, be realized

in two ways.Firstly, the obtained model-parameters (of which the reliability

could be improved by the results of the suggestions given above) can be tes-

ted by using their values to predict the relaxation rates of so far not mea-
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sured nuclei (viz, H and H nuclei in methyl deuterated PMA, CD.PMA., and C

nuclei).Secondly, by computer simulation one could possibly describe the re-

orientational motions in PMA in.a much more detailed way.

Undoubtedly, all suggested approaches are usefull and probably necessa-

ry to obtain more insight in the complicated behaviour of the simple jnacro~

molecule, poly(methacrylic acid).
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SAMENVATTING

In dit proefschrift worden metingen van de kernspinrelaxatie snelheden in wa-

terige oplossingen van poly(methacrylzuur), PMA, beschreven. Door onderzoek

van de transversale relaxatie van oplosmiddel protonen in oplossingen van

PMA in water waarvan het gehalte aan 0 isotoop aanzienlijk was verhoogd,

werd in een aantal gevallen de levensduur van een waterstofatoom in een poly-

zuurgroep bepaald. Dankzij de grootte van deze levensduur bleek het mogelijk

de rotaties van de waterstof-zuurstof band in een polyzuurgroep te onderzoe-

ken met behulp van deuteriutnrelaxatie experimenten aan PMA oplossingen in

zwaar water.

PMA werd op de methyleenplaats selectief gedeutereerd, zodat de kernspinre-

laxatie van methylprotonen en methyleendeuteriumatomen bepaald kon worden.

1 2

De relaxatiemetingen aan kernen in PMA ( H in de CR -, H in CD„- en COOD-

groepen) werden verricht bij een aantal waarden van de ketenlading. De fre-

quentieafhankelijkheid van het kernspinrelaxatiegedrag van de verschillende

waterstofkernen in het gedeutereerde PMA toont aan, dat de bewegingen in het

PMA molecuul duidelijk anisotroop zijn bij alle neutralisatiegraden van di4:

polyzuur. Met behulp van een eenvoudig rotatiemodel werden rotatieparameters

verkregen, die het waargenomen relaxatiegedrag redelijk beschrijven.

In overeenstemming met de literatuur werd gevonden, dat kruiscorrelatie ef-

fecten duidelijk waarneembaar zijn in protonrelaxatie metingen aan gedeute-

reerd PMA., terwijl deze effecten niet waarneembaar waren in dezelfde experi-

menten aan ongedeutereerd PMA.. In het geval van ongedeutereerd PMA werd ook

gevonden, dat de longitudinale protonrelaxatie een enkel exponentieel en de

transversale protonrelaxatie een dubbel exponentieel tijdsgedrag vertonen,
hetgeen overeenstemt met de gevolgen van spindiffusie processen in PMA.
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Op verzoek van de Faculteit der Wiskunde en Natuurwetenschappen volgt hier

een overzicht van mijn studie aan de Rijksuniversiteit.

In 1960 legde ik het eindexamen HBS-B af aan het Gemeentelijk Lyceum te

Dordrecht; in hetzelfde jaar werd de studie in de scheikunde te Leiden be-

gonnen. Het kandidaatsexamen, letter F, werd afgelegd in december 1963.

De doctoraalstudie met als hoofdrichting fysische chemie, ale bijvak

organische chemie en als derde richting theoretische natuurkunde stond onder

leiding van de hoogleraren dr. M.Mandel, dr. E.C.Kooyman en dr. P.W.Kaste-

leyn en de lector dr. J.C.Leyte; deze studie is om verschillende, medische

redenen tweemaal onderbroken. Het doctoraalexamen werd in maart 1968 cum

laude afgelegd.

Hierna werd in het kader van de groep van dr. J.C.Leyte het onderzoek, dat

in dit proefschrift wordt beschreven, aangevangen. Oorspronkelijk werd met

CW methoden het proton NMR spectrum onderzocht; van 1972 af werd frequentie-

afhankelijk spin echo onderzoek verricht, terwijl pas sedert februari 1975

gedeutereerd polyzuur werd onderzocht.

Van 1964 tot april 1968 was ik als candidaatsassistent, en daarna als docto-

raalassistent/wetenschappelijk medewerker(I) betrokken bij het precandidaats

practicum in de fysische chemie.

De resultaten beschreven in dit proefschrift zijn mede tot stand gekomen met

assistentie van alle voormalige en huidige leden van de magnetische relaxa-

tiegroep van dr. J.C.Leyte, te weten dr. J. de Bleijser, drs. J.J.Joolen,

dr. H.S.Kielman, dr. J.J. van der Klink, drs. D.Y.H.Prins, drs.S.W.T.Westra

en mej. L.H.Zuiderweg. Het gedeutereerde polyzuur werd vervaardigd door de

heer W.J.jesse en door drs. J.Joosting Bunk.

Verder dient vermeld te worden de medewerking verleend door de electronische,

de fijnmechanische en de glastechnische afdeling van dit laboratorium.
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Gedurende mijn promotieonderzoek heb ik het genoegen gehad een tweetal

studenten te begeleiden, namelijk drs. A.W.F, van Alphen' en drs. S.W.T;Westra;

de resultaten van hun inspanningen zijn in de hoofdstukken 3 en 5 van dit

proefschrift te vinden.

Tenslotte noem ik gaarne de medewerking gegeven bij de verzorging van het

proefschrift door mevr. E.M.J.Rijsbergen, mevr. T.Schouten, mej. L.H.Zuider-

weg en de foto- en tekenafdeling.
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