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ABSTRACT lac NMR relaxation and self-diffusion measurements of the molecular probes added to dimethyl 
sulfoxide-cellulose acetate solutions have been carried out as a function of concentration and degree of 
substitution of the polymers. The probes differ in their capacity for complexing with the hydroxyl groups 
of the cellulose acetate. Spin-lattice relaxation rates and self-diffusion coefficients of the hydrogen-bonding 
probes vary with the hydroxyl group content of the polymer, and the diffusion coefficients of the inert probes 
are shown to be sensitive to the difference in the supermolecular organization of the solutions. The analysis 
of molecular probe hydrogen bonding with the polymers allows us to obtain information on the OH groups' 
binding capacity and their accessibility at high polymer concentrations. The relaxation rates of bound species 
under the varied conditions are calculated. 

Introduction 

The characteristics of rotational and translational 
molecular motion proved to be sensitive to the complex- 
ation in solutions caused, for example, by hydrogen 
bonding.14 Different NMR techniques have been widely 
employed for studying molecular mobility; e.g., NMR 
relaxation methods provide information on molecular 
rotation. Measurements of spin-relaxation times, 2'1, of 
the solvent molecules were shown to be effective for 
elucidating solvent-solute complex formation and specific 
solvent-solute interactions in polymer  solution^.^^ A great 
amount of work has been done on studying the small 
molecule mobility in polymer  solution^.^^^ The most 
frequent use of the small molecule diffusion observations 
is in the investigation of the shape of macromoleculeslOJ1 
and in that of the supermolecular organization of the 
s o l u t i o n ~ , ~ ~ J ~  though the quantitative information on 
solvent-polymer bonding may be successfully obtained 
from data on solvent translational mobility as a function 
of the concentration of polymer reactive sites.14J6 

In this paper we propose the use of molecular active and 
inert probes for studying the chemical properties of 
polymers and the structural characteristics of polymer 
solutions. Small molecules added in low concentration to 
polymer solutions and having varying capacities for 
complexing with polymer, for example, by hydrogen 
bonding, are called molecular probes (MP). MP which 
successfully compete with the solvent in the formation of 
hydrogen bonds are termed active, while MP with a lower 
complexation capacity than that of the solvent are termed 
inert. Structural and chemical information on polymer 
solutions is obtained from the comparison of the data on 
longitudinal relaxation rates, W = UTI, of l3C nuclei of 
probe molecules and the self-diffusion coefficient, D, of 
active and inert MP. The advantage of the combined use 
of relaxation rates and self-diffusion coefficients of active 
probes for analyzing their complexation with polymer4J6 
will be discussed later. The data on inert MP dynamics 
allowed us to model the behavior of free active probes at  
high polymer concentrations. 

* To whom correspondence should be addreseed at the Institut 
fiir Phyeikalische Chemie der Universitat Mainz, Jakob-Welder-Weg 
15, D-6600 Mainz, Germany. 

Actually, in case of fast exchange17 between free probe 
molecules and those bound to the polymer, the experi- 
mentally measured parameter P (P means W or D) is the 
weighed sum of its values for free and bound probe 
molecules: 

(1) 
where x is the fraction of bound molecules. Pf is most 
frequently considered as the parameter of motion in pure 
solvent, while this is valid only for dilute polymer solutions. 
In highly concentrated polymer solutions the diffusion of 
free probes may be reduced because the probe molecules 
have to move among the obstructions presented by the 
macromolecules. The theoretical expressions describing 
the obstruction effect are rather approximate,11J8and one 
should also take into account alternation in intermolecular 
interactions in polymer solution relative to the pure solvent 
that may strongly influence the probe molecule's mobil- 
it~.lg*~O Thus, the experimental data on Wand D of free 
probes would be higly desirable for analyzing hydrogen 
bonding in the solutions under study. 

Experimental Section 
Cellulose acetates with different degrees of substitution, y, of 

the hydroxyl groups by acetate groups dissolved in totally 
deuterated dimethyl sulfoxide have been investigated. The value 
of y characterizes the number of OH groups substituted in a 
polymer unit; namely, the polymer with a higher y has a lower 
amount of hydroxyl groups. 1,4-Diazabicyclo[2.2.2loctane 
(DABO) was used as the active probe; in addition to a high 
capacity for formation of hydrogen bonds with the residual OH 
groups of cellulose acetates, it also has a simple 1aC spectrum. 
Incorporation of small amounts (3-5 % ) of DABO improves the 
solubility of cellulose acetates in dimethyl sulfoxide, which 
permits working in the region of high concentrations of polymer. 
1,2,3,4-Tetrahydronaphthalene (tetraline) was the inert MP. The 
concentrations of active and inert probes were 18 and 22 g/dma, 
respectively; i.e., the amount of molecules of each species was 
about 1 x lom. 

P = X P b  + (1 - X ) P f  
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DABO tetraline 
The cellulose acetate samples with y equal to 0.60,1.00,1.66, 

2.38, and 2.9 were obtained by saponification and supplied by 
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Polymersintez. The average degree of polymerization of the 
samples was within the limits of 300-400. The prepared solutions 
were held at 60 "C for 24 h. A further increase in the holding 
time did not alter the relaxation characteristics of the MP and 
did not change the optical properties of the solutions. DABO 
and tetraline used were obtained from MERCK-Schuchardt. 

13C NMR relaxation experiments were performed on a JNM- 
PS-100 spectrometer equipped with a JNM-FT-100 Fourier 
transform system. The l3C frequency was 25.15 MHz. The spin- 
lattice relaxation rates were measured by using the normal 
inversion-recovery experiment [pulse sequence, 180' (13C)-7-W0 - 
(13C)-AQ] under proton-decoupling. The decoupled 13C spectrum 
of DABO contains one peak only as all the nuclei in the molecule 
are equivalent. To determine the relaxation rate of tetraline, we 
used the peak attributed to the aromatic l3C at the ortho and 
meta positions. The interpretation of the relaxation data was 
performed by assuming that all 13C relaxation occurs by the 
dipole-dipolar mechanism under motional narrowing conditions. 
To test this, we carried out the NOE measurements: all NOE 
were about 2.0; i.e., the assumption was valid for the 13C of DABO 
and tetraline in the solutions studied. 

Self-diffusion measurements were made on a home- built NMR 
spectrometer at the 1H resonance frequency of 23 MHz. The 
pulsed gradient spin-echo methodz1 was used. We varied the 
magnitude of the pulsed gradient at a constant diffusion time, 
fd, the time during which diffusion was measured. In order to  
prevent unwanted signals of solvent and polymer protons from 
interfering with the probe protons' signal, we used the totally 
deuterated dimethyl sulfoxide and chose td long enough (20 ms) 
for polymer protons to relax. Their spin-spin relaxation time, 
Tz, was found to be about 3 ma in the low-concentration solutions 
and got shorter as the concentration increased. So, we could 
observe the signal of protons of the only probe molecules. The 
measurements for active and inert probes were performed 
separately. The pulse current in the quadrupole coils was 30 A 
maximum, and the corresponding magnetic field gradient was 25 
T/m. Data were acquired on a Torch-CZ computer. The 
temperature was 23 "C. The experimental curves obtained in 
the relaxation and diffusion measurements were single expo- 
nential, which could be regarded aa the crucial test for the validity 
of the assumption of fast exchange between the free and bound 
active probe molecules in the solutions under investigation. The 
error in the measurements did not exceed 7 75. 
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Results and  Discussion 
In order to check the sensitivity of the MP relaxation 

parameters and the diffusional constants to the chemical 
composition of the polymers, we measured W and D for 
tetraline and DABO in acetate solutions with various y at 
a fixed polymer concentration. The values of W for 
tetraline are almost independent of y, while for DABO a 
dependence of Won y may be considered as linear within 
the accuracy of the experiment (Figure 1). The wide range 
of the change in relaxation rates for DABO permits using 
this dependence for analytical purposes. The sizes of the 
DABO and tetraline molecules are similar and the drasti 
difference between the dependences on y of the rotational 
mobility (which determines the relaxation rate) of these 
molecules can only be due to complexation of DABO 
molecules with the free OH groups of the polymer. The 
H bonds result in a decrease in the mobility of the bound 
molecules and hence an increase in the observed values of 
the relaxation rates of their '3C nuclei. 

The y dependence of D for DABO (Figure 2) is much 
more pronounced than for tetraline. However, in the case 
of translational motion, the diffusion coefficients of inert 
probes are not constant. They decrease somewhat with 
decreasing y; i.e., the supermolecular organization of the 
polymer solution has a greater effect on the translational 
diffusion of inert MP than on their rotational motion. It 
is caused by the fact that in the D measurement we observe 
the displacement of MP over distances much greater than 
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Figure 1. l3C relaxation rates of DABO (0) and tetraline (0) 
as a function of the substitution degree of cellulose acetates for 
a 300 g/dm3 concentration of the polymer. 

Figure 2. Translational diffusion coefficients of DABO (0) and 
tetraline (0) molecules as a function of the substitution degree 
of cellulose acetates for a 250 g/dm3 concentration of the polymer. 

the dimensions of one macromolecule. The solutions 
studied were gel-like at high concentrations, so we assumed 
existence of the spatial network in the solutions that could 
be caused not only by entanglements of the chains but 
also by the hydrogen bonds between the macromolecules. 
The lower D values of the tetraline molecules in the 
polymer solutions with lowery may indicate the difference 
in the structure of the spatial network formed by the 
cellulose acetates with different substitution degrees. As 
y is decreased, the number of hydroxyl groups increases, 
and as a consequence, the interaction of the macromol- 
ecules with dimethyl sulfoxide and with each other is 
enhanced. Therefore, one should expect the thickness of 
the spatial network in the solutions of polymers to increase 
with decreasing y due to the greater number of links 
between the macromolecules. The data on the viscosity 
of acetate solutions22 are consistent with this assumption. 

The dependences of the Wand D of DABO and tetraline 
on the concentration, c,  of cellulose acetates with different 
values of y were measured to examine the polymer's 
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Figure 3. Dependences of the relaxation rates of DABO (a) and 
tetraline (b) on the concentration of cellulose acetates with 
different degrees of substitution: 0.60 (0),1.66 (O), 2.38 (A), and 
2.90 (4). 

supermolecular organization and complexing processes in 
solutions in further detail (Figures 3 and 4). Small 
molecule mobility in polymer solutions has been most 
successfully interpreted in terms of free volume 
which is valid for the solutions with not very high solvent 
volume fractions, uml < 0.8). In our case, the solvent 
concentration in the samples under study was rather high 
and the data on the viscosity of solutions needed for 
calculation were not available. It can also be noted that 
the free volume theory does not give the background for 
understanding the nature of the concentration dependence 
of the diffusion coefficient in a certain solvent-polymer 
system. So, we have constrained ourselves with a qual- 
itative description of the dependences and have used the 
experimental data for characterizing the probe polymer 
hydrogen bonding. The nature of the dependences of 
diffusion coefficients of tetraline on c does not contradict 
the hypothesis of the difference in the solution's spatial 
network. At low c, the D values are identical within 
experimental error, while the effect of the structure of the 
polymer solution on the translational mobility of the MP 
becomes more pronounced and the variation of the D values 
of the tetraline molecules in the solutions of acetates with 
different y increases with increasing c. Both the en- 
hancement of the relaxation rate and the decrease of the 
diffusion coefficients of tetraline at  higher concentrations 
of the polymer are most probably caused by the restriction 
of its rotational and translational mobility because of steric 
hindrances. 

In the case of the active probe, the curves for the 
concentration dependences of D and W of DABO in 
cellulose acetate solutions with different y values (Figures 
3 and 4) vary much more significantly since the difference 
in the nature of the motion of the DABO molecules is a 
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Figure 4. Dependences of the self-diffusion coefficienta of DABO 
(a) and tetraline (b) on the concentration of cellulose acetates 
with different degrees of substitution: 0.60 (o), 1.00 (0)' 1.66 
(O), 2.38 (A), and 2.90 (4). 

function not only of the solution structure but also of the 
various complexations of DABO with the hydroxyl groups 
of the acetates. For the case of rapid exchange between 
free and bound DABO molecules, by using eq 1, the 
experimentally observed values, Wand D, can be written 
as 

Following Wang,% we have neglected the term containing 
Db since the polymers used were of sufficiently high 
molecular weight to be considered as immobile on the time 
scale of solvent motion even in dilute solutions. This 
allowed us to evaluate the fraction of bound DABO 
molecules, x ,  after determining Df. 

As can be seen in Figures 3 and 4, the characteristics of 
the molecular probes' mobility are functions of the 
concentration of the polymer. The Wand D concentration 
dependences of the free active and of the inert probes are 
caused mainly by the structural change in the organization 
of polymer solutions. The kind of the concentration 
dependence of Wf for DABO should be similar to W(c) for 
tetraline, Wt(c), since the sizes of these molecules are close. 
Then it seems reasonable to suppose that Wf may be 
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Figure 5. Fraction of bound DABO molecules in the solution 
relative to the concentration of cellulose acetates with different 
degrees of substitution: 0.60 (a), 1.00 (O), 1.66 (O),  and 2.38 (A). 

determined as 

W&C) = W(0) Wt(c)/W,(O) (4) 
where W(0) and Wt(0) are the relaxation rates of DABO 
and tetraline, respectively, measured in the pure solvent 
without polymer. Wdc) calculated by using this equation 
for the solutions of cellulose acetates with y = 0.66,1.66, 
and 2.4 were practically equal to the values W(c) of DAB0 
measured in the solution of the polymer with y = 2.9. This 
indicates that H bonding of the active MP with the polymer 
is negligible in the latter case. These W(c) values can 
thus be used as Wf(c) for DABO molecules in the solutions 
with y less than 2.9. 

The determination of Ddc) is complicated by the fact 
that the diffusion coefficients of the inert probes vary for 
the cellulose acetate solutions with different y. So we 
used as the diffusion coefficients of free DABO molecules 
in the solution with a certain y, Dn(c ) ,  the value of D(c)  
measured in the solution with y = 2.9 and multiplied it 
by the appropriate coefficient obtained from the data on 
the diffusion coefficients of tetraline, Dt: 

D J ( c )  = D(C)~'~~~(D,(C)~/D,(C)~=~.~) t 5 )  
The calculated D&) values have been used for evaluating 
the fraction of bound active probe molecules (eq 3). In 
Figure 5 values of x are plotted as a function of the total 
amount of added polymers. 

The simplest scheme of the complexation of DABO with 
the OH groups of the polymer is the following: 

k 
DABO + OH - DABO***OH 

At small concentrations of the polymer we assume all the 
OH groups to be accessible to the probe molecules. The 
binding constant, k ,  is then given as 

k = cdps = cd@, - cb) (So - cb) 

where p and s are the concentrations of free probes and 
reactive sites, Cb is the concentration of bound probes, and 
p ,  and so are the total amounts of probes and reactive 
sites. In the solution having been investigated the 
condition Cb << so substantially correct, so that 

k = cd@, - Cb)S, 
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Figure 6. Dependence of the fraction of bound DABO molecules 
on the total amount of hydroxyl groups in the solutions of cellulose 
acetates of different substitution degrees: 0.60 (o), 1.00 (e), 
1.66 (0), and 2.38 (A). 

Table I. Effect of the Cellulose Acetate's Substitution 
Degree on the Binding Capacity and the Accessibility of 

Their Hydroxyl Groups 
Y k,mol-' N* Y k ,  mol-' N. 
0.60 11.0 0.05 1.66 14.0 0.08 
1.00 12.3 0.06 2.40 18.3 0.10 

and 

cb = kp,s ,Jl+ ks ,  
Using x E Cb/po, we have 

x = k s J l +  ks ,  (6) 
It  follows from this expression that the initial slope of the 
x dependence on the whole number of hydroxyl groups, 
NOH, is equal to k. These dependences are shown in Figure 
6. From the data presented in Figure 6 one may conclude 
that the complexation capacity of the hydroxyl groups of 
the cellulose acetates in solutions decreases with decreasing 
y. It may be caused by the fact that the active probe 
bound to a OH group of a polymer with a low substitution 
degree can shield the neighboring OH groups, and hence 
the effective number of reactive sites is lower than in 
solutions with higher y values. The calculated k values 
are reported in Table I. 

Equation 6 is valid only for dilute solutions of the 
polymers. For higher amounts of the cellulose acetates, 
the number of OH groups accessible to the probe is not 
directly proportional to the polymer concentration. The 
self-association of macromolecules occurring due to H bond 
formation between their hydroxyl groups and steric 
shielding of the groups may cause the situation when the 
addition of the polymer does not lead to an increase of the 
amount of free OH groups. This may account for the 
plateau region of the curves at  high concentrations in 
Figure 5. The 3c "plateau" values enabled us to evaluate 
the number of DABO molecules, N*, bound to a single 
OH group of the polymer. The total amount of DABO 
molecules was 1 X 1020 and was constant in all the 
experiments. The calculated N* values are presented in 
Table I and indicate that the hydroxyl groups of the 
polymers with higher y are less shielded in the solutions 
at  high concentrations than those of the polymers with 
lowery. 
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was found to be higher for the polymers with greater y 
values while their shielding was less at  high polymer 
concentrations. The polymer network formed by the 
macromolecules appeared to be thicker in the solutions 
with lower y. 
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Figure 7. Calculated relaxation rates of DAB0 molecules bound 
to a macromolecule as a function of polymer concentration for 
acetates with different substitution degrees: 0.60 (0) )  1.66 (O), 
and 2.38 (A). 

Substituting the determined x values into eq 2, we can 
obtain the relaxation rates of the bound probes that are 
very much influenced by the segmental mobility of 
macromolecules in solutions.n As far as we know, the 
dynamics of dissolved cellulose acetates has not been 
studied yet. As the polymer concentration is increased, 
the Wbvalue rises montonically (Figure 71, indicating that 
the segmental mobility is slowing. To a certain extent the 
w b  values are the quantitative characteristics of the 
thickness of the polymer network in solution. The greater 
values of w b  in solutions with lower y support our 
assumption regarding the higher thickness of the network 
in these solutions. 

Conclusion 
The spin-lattice relaxation rates and the self-diffusion 

coefficients of active molecular probes added to polymer 
solutions are sensitive to the difference in chemical 
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