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Proton and oxygen-17 nmr relaxation rates of C D 3
1 7 O H as well as deuteron nmr relaxation rates 

of C H 3 O D were measured in mixtures with carbon tetrachloride at different compositions and 
temperatures. By varying the 1 70-content different contributions to the proton relaxation rate could 
be separated and from the 1 7 0 - H dipolar interaction contribution the correlation time of the 
O H bond was determined. Using these correlation times the composition dependence of the deu-
terium and oxygen-17 quadrupole coupling constants of methanol was derived. A strong variation 
of the coupling constants over the measured composition range is evident. 

Key words: Relaxation rates, Correlation time, Deuteron quadrupole coupling constant, Oxygen-17 
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Introduction 

The dynamical behaviour as well as the structure of 
the methanol molecule in binary liquid mixtures with 
carbon tetrachloride have been the subject of many 
spectroscopic investigations. Mostly the attention of 
the spectroscopists was focused on the association of 
methanol which occurs by hydrogen bonding. Using 
several methods, like chemical shifts of OH protons in 
nmr spectra [1], shifts of OH frequencies in IR spectra 
[2, 3], and proton or deuteron relaxation measure-
ments [4, 5, 6], they followed the extent of molecular 
association of methanol on dilution with the inert 
solvent. 

In 1956 Liddel and Becker [7] observed that the IR 
frequency of even the free OH band in a dilute solu-
tion of methanol in carbon tetrachloride depends on 
temperature. Otterstedt and Missen [8] noticed that at 
high alcohol concentration the enthalpy of mixing is 
negative for mixtures of alcohols and carbon tetra-
chloride, but not for mixtures of alcohols and hydro-
carbons, such as hexane [9]. Wolff and Hoeppel found 
the solvation enthalpy of methanol in carbon tetra-
chloride to be by 0.5 to 1 kcal/mol greater than that 
for the mixture of methanol with hexane [10]. These 
and similar results show that there is a specific interac-
tion between the alcohol and the carbon tetrachloride 
molecule. 
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In our recent work [11] we determined the reorien-
tational correlation times and the quadrupole cou-
pling constants for deuterium and oxygen-17 in the 
methanol molecule which gave us information about 
the dynamics and structure in pure methanol at differ-
ent temperatures. By the oxygen-17 substitution 
method we were able to separate intramolecular and 
intermolecular relaxation rates, and then using the 
former we calculated the reorientational correlation 
times T°h of the OH bond in liquid methanol, which 
were in good agreement with those obtained from 
computer simulations [12,13]. In the past there existed 
two difficulties in obtaining the correct reorientational 
correlation time r°H as in the case of proton relaxation 
in CD3OH [14] the reorientational vector is not 
strictly defined, and in the case of deuteron relaxation 
in CH 3 OD [4, 15, 16] the quadrupole coupling con-
stant is not known. The quadrupole coupling con-
stants of D and 1 7 0 in the liquid are though expected 
to be intermediate between the ice and gas values, but 
their exact values so far were unknown. By measur-
ing the deuteron relaxation rates in CH 3 OD and oxy-
gen-17 relaxation rates in CD 3

1 7 OH, we were able to 
determine the respective quadrupole coupling con-
stants in pure liquid methanol [11]. The value of the 
deuteron coupling constant at 298 K we found was 
210 kHz. As expected, this value is intermediate be-
tween the ice value of about 192 kHz [15] and the gas 
phase value of about 303 kHz [17]. 

In the present contribution we extend our measure-
ments of pure methanol to the binary mixture metha-
nol + carbon tetrachloride. Similar experiments have 
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been done for water in mixtures with organic solvents 
[18-20], The T2

h values in some previous studies 
[4,15,16] were obtained from the deuteron relaxation 
rates with the assumption that the quadrupole cou-
pling constant was independent of solvent composi-
tion. We, however, have found here that the deuteron 
quadrupole coupling constant is by no means compo-
sition independent but increases by about 20% from 
its value in pure methanol on dilution with carbon 

tons at 300.13 MHz, for deuterons at 46.05 MHz and 
for oxygen-17 at 40.67 MHz on a Bruker CXP spec-
trometer. 

Results and Discussion 

tetrachloride at a mole fraction xm e 

in the same direction as the change observed for the 
transition from liquid methanol to vapour. The 
molecular background is probably the breakdown of 
hydrogen bonding between methanol molecules. At 
•"'methanol = 0.1 the deuteron quadrupole coupling con-
stant begins to decrease from 248 kHz and reaches a 
value of 230 kHz 

^methanol = 0.03. We explain this 
behaviour by the formation of cyclic dimers in agree-
ment with many other investigations [1, 2, 21-24], 
The oxygen-17 quadrupole coupling constant which 
we obtained from oxygen relaxation rates in C D 3

1 7 O H 
also provides information on the same line. 

Experimental 

The preparation of C D 3
1 7 O H from H 2

1 7 0 with 
6%, 11.7%, 26.8% and 37.5% l vO-enrichment was 
described previously [11]. H 2

1 7 0 with the two lower 
concentrations was obtained from Yeda, Rehovot, Is-
rael, whereas the two higher concentrations were pur-
chased from IRE Diagnostic, Düsseldorf. Germany. 
C D 3 O H (99.9 a tom% D) and C H 3 O D (99.5 a tom% 
D) were obtained from Aldrich-Chemie, Steinheim, 
Germany. The different methanol samples were dried 
over 3 Ä molecular sieve. Carbon tetrachloride was 
used as received from Aldrich-Chemie. From *H nmr 
spectra of C H 3 O D it was ensured that there was no 
indication of water in the methanol samples. For the 
detection of water in C D 3 O H samples, however, 
spectra were recorded in the presence of anhydrous 
dimethylsulfoxide-d6 which shifts the O H peak of wa-
ter to a different position than that observed for meth-
anol. 

The mixtures of methanol and carbon tetrachloride 
were prepared by weight, the methanol content in 
carbon tetrachloride was varied between 3 and 
100 mol%. All samples were degassed by several 
freeze-pump-thaw cycles. The relaxation time Tj was 
measured by the 180 -T-90 pulse sequence for pro-

The measured proton relaxation rates (1/TJh for 
C D 3

1 7 O H in the binary mixtures with carbon tetra-
= 0.1. This is chloride are collected in Table 1 as function of compo-

sition, O-enrichment and temperature. The data at 
298 K are also shown in Figure 1. 

When at a fixed composition of the metha-
nol -I- carbon tetrachloride mixture the relaxation 
rates are plotted against 17O-enrichment, we obtain 
straight lines, the slopes of which yield the 1 7 0- in -
duced proton relaxation contribution (l/Tj)^- The 
(1/T^h values are completely dominated by in-
tramolecular dipolar interaction, and thus the relation 

(1 /^Jg = 4/3 (p0/4 n)2 y2 y2 h2 S (S + 1) rOH
6 rf (1) 

holds, from which the rotational correlation time of 
the O H bond, T2

h , is directly calculated. Here the y's 
are the magnetogyric ratios and S = 5/2 is the nuclear 

C 0.2 

Methanol 
Fig. 1. Proton relaxation rates (1/TJh of methanol C D 3

1 7 O H 
in carbon tetrachloride as functions of composition and oxy-
gen-17 enrichment (A 0%, + 6%, o 11.7%, • 26.8%, x 
37.5%) at 298 K. 
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Table 1. Proton relaxation rates (1/TJh in s _ 1 of methanol C D 3
1 7 O H in carbon tetrachloride as functions of composition 

(^methanol)' 1 7 0 enrichment (xnG) and temperature. 

* " 0 -̂ methanol 

0.03 0.05 0.07 0.10 0.20 0.30 0.60 0.85 1.00 

T = 288 K 
0.000 0.111 0.127 0.146 0.160 0.174 0.178 0.156 0.122 0.092 
0.060 0.159 0.185 0.198 0.211 0.259 0.270 0.220 0.189 0.163 
0.117 0.189 0.219 0.241 0.273 0.317 0.353 0.310 0.250 0.191 
0.268 0.301 0.327 0.363 0.379 0.453 0.491 0.472 0.382 0.307 
0.375 0.380 0.420 0.463 0.510 0.580 0.600 0.574 0.510 0.399 

T = 298 K 

0.000 0.075 0.097 0.110 0.127 0.138 0.140 0.125 0.102 0.079 
0.060 0.115 0.135 0.153 0.164 0.200 0.206 0.190 0.161 0.128 
0.117 0.139 0.161 0.180 0.200 0.245 0.268 0.263 0.216 0.152 
0.268 0.221 0.259 0.276 0.309 0.360 0.384 0.378 0.313 0.251 
0.375 0.270 0.321 0.362 0.384 0.440 0.473 0.463 0.400 0.325 

T = 308 K 
0.000 0.061 0.081 0.092 0.109 0.126 0.135 0.113 0.084 0.066 
0.060 0.097 0.114 0.126 0.142 0.168 0.181 0.147 0.130 0.107 
0.117 0.109 0.133 0.150 0.185 0.210 0.230 0.206 0.174 0.139 
0.268 0.170 0.180 0.218 0.254 0.314 0.329 0.294 0.249 0.210 
0.375 0.218 0.260 0.280 0.339 0.370 0.398 0.383 0.330 0.291 

Table 2. Rotational correlation times T°h in ps for the O H 
bond of methanol C D 3 O H in carbon tetrachloride as func-
tions of composition and temperature. £ A is the activation 
energy at the different compositions. 

T/K £ A /kJ mol ~1 

288 298 308 

0.03 5.41 4.00 3.10 20.5 
0.05 5.85 4.67 3.40 19.9 
0.07 6.44 5.07 3.80 19.4 
0.10 6.86 5.54 4.20 18.0 
0.20 8.00 6.13 5.07 16.8 
0.30 8.40 6.67 5.37 16.4 
0.60 8.66 6.83 5.50 16.4 
0.85 7.78 5.93 4.90 17.1 
1.00 6.10 5.06 4.50 11.5 

spin of 1 7 0 . F o r t he i n t r a m o l e c u l a r O H dis tance , r O H , 
we f a v o u r e d a va lue of 99 p m [25], T h e r o t a t i o n a l 
c o r r e l a t i o n t imes T ° h a r e l is ted in Tab le 2. Table 2 a lso 
includes t he c o r r e s p o n d i n g ac t iva t ion energies der ived 
f r o m the i r t e m p e r a t u r e d e p e n d e n c e . P l o t s of the d a t a 
for all t e m p e r a t u r e s a r e s h o w n in F i g u r e 2. H e r t z a n d 
H o l z [4] e s t i m a t e d t he r o t a t i o n a l c o r r e l a t i o n t ime of 
the h y d r o x y l g r o u p O D in t he l imi t of inf ini te d i lu t ion 
in m e t h a n o l us ing a d e u t e r o n q u a d r u p o l e c o u p l i n g 
c o n s t a n t of 222 k H z . A l t h o u g h o u r m e a s u r e m e n t s 
were m a d e a t re la t ively h ighe r c o n c e n t r a t i o n t h a n 
those of H e r t z a n d Ho lz , yet o u r va lue of the d e u t e r o n 

'methanol 

Fig. 2. Rotational correlation times T°h of the O H bond in 
methanol C D 3 O H in carbon tetrachloride as functions of 
composition and temperature (A 288 K, + 298 K, o 308 K). 
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quadrupole coupling constant from Fig. 4 is in very 
good agreement with the above value. This should be 
considered, however, as a fortunate coincidence since, 
as we are aware now, the deuteron quadrupole cou-
pling constants of the O D group in different com-
pounds can vary considerably. For example the values 
of water and methanol differ by 20% [11, 26], and 
furthermore the coupling constant depends on the 
concentration of methanol in the binary mixture. The 
T2

d value reported by Hertz and Holz and the T2
h 

values calculated from our data (Table 2) do not con-
tradict each other. 

With addition of carbon tetrachloride the rota-
tional correlation time of methanol increases up to a 
maximum at xmethano, = 0.6 and then decreases to a 
value which is smaller than T2

h for pure methanol. At 
zero 1 7 0 content the hydroxyl proton of C D 3 O H 
essentially relaxes by intermolecular dipolar interac-
tion. Figure 1 contains this relaxation rate, and we 
observe a maximum at xmethanol = 0.3. As the 1 7 0 con-
tent is increased, this maximum shifts to xmethanol = 0.6; 
this is now, however, an intramolecular relaxation 
rate. This fact leads to the conclusion that the transla-
tional motion of the C D 3 O H molecules is relatively 
less hindered by the carbon tetrachloride molecules as 
compared to their rotational motion. 

Our relaxation rates at zero 1 7 0 content are in 
good agreement with measurements by Koch, Leiter 
and Mai [6]. Their results were shown to conform to 
the self and mutual diffusion coefficients. They were 
also used to determine the velocity correlation func-
tion which characterizes the correlated motions be-
tween the methanol molecules [27], 

The measured deuteron relaxation rates (1/TJd for 
C H 3 O D and the corresponding activation energies 
are collected in Table 3 and shown in Fig. 3 as func-
tions of composition and temperature. In this case we 
have the relation 

(1 /TX = 3/2n2(eQq/h)2
D(i + >,2/3)t2 (2) 

connecting the deuteron relaxation rates ( I /TJd with 
the correlation time T2. The deuteron quadrupole 
coupling constant is denoted as (eQq/h) D . The addi-
tional factor (1 + rjn/3) can be neglected since theoret-
ical calculations showed that the asymmetry parame-
ter rjD is smaller than 0.152 [28]. The reliability of the 
rjD value equal to 0.152 is supported by the agreement 
of the theoretically calculated value for the deuteron 
quadrupole coupling constant 292 kHz with the ex-
perimental gas value of 303 kHz [17], 

Fig. 3. Deuteron relaxation rates (l/Ti)D of methanol 
C H 3 O D in carbon tetrachloride as functions of composition 
and temperature (A 288 K, + 298 K, O 308 K). 

Table 3. Deuteron relaxation rates (1 /TX)D in s - 1 of meth-
anol CH3OD in carbon tetrachloride as functions of compo-
sition and temperature. £ A is the activation energy at the 
different compositions. 

T/K £ A /kJ m o P 1 

288 298 308 

0.03 4.44 3.24 2.25 25.1 
0.05 5.12 3.82 2.76 22.9 
0.07 5.81 4.33 3.21 22.0 
0.10 6.21 4.88 3.58 20.3 
0.20 6.80 5.59 4.18 17.9 
0.30 6.94 5.59 4.44 16.5 
0.60 6.42 5.16 4.02 17.2 
0.85 5.53 4.10 3.46 17.3 
1.00 4.00 3.29 2.80 13.2 

The correlation time T2 in (2) is related to the corre-
lation time t 2

h in (1). Since the electric field gradient 
tensor is nearly cylindrically symmetric about the O D 
bond we can put both correlation times equal. In the 
case of pure methanol we have experimentally 
checked that the correlation times of O H and O D 
bonds to not differ significantly due to the isotope 
effect. For this purpose we measured deuteron relax-
ation rates for the mixture C H 3 O D + C H 3 O H at 
mole fractions 0.2, 0.4, 0.6, and 0.8 at a selected tem-
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Fig. 4. Deuteron quadrupole coupling constants (e Q q/h)D 
of methanol C H 3 O D in carbon tetrachloride as functions of 
composition and temperature (A 288 K, + 298 K, o 308 K). 

Table 4. Deuteron quadrupole coupling constants (e Q q/h)D 
in kHz of methanol C H 3 O D in carbon tetrachloride as func-
tions of composition and temperature. 

T/K 

288 298 308 

0.03 236 230 222 
0.05 243 235 234 
0.07 247 240 239 
0.10 247 248 240 
0.20 240 241 236 
0.30 236 238 236 
0.60 221 226 222 
0.85 219 216 218 
1.00 212 209 206 

decreasing temperature. Not a single value of the cou-
pling constant in the mixture falls below the solid 
phase value of 192 kHz [15] or exceeds the gas phase 
value of 303 kHz [17]. Moreover for all temperatures 
the composition dependence is the same. We therefore 
discuss the values just at 298 K. Starting from 209 kHz 
for pure methanol the coupling constant first increases 
nearly linearly to about 248 kHz at the mole frac-
tion xmethanol = 0.1 and then decreases to 230 kHz at 
^methanol = 0-03. Such a concentration dependence of 
the deuteron quadrupole coupling constant for meth-
anol in a binary mixture with an organic solvent is 
demonstrated here for the first time. The initial in-
crease of the coupling constant on adding the nonpo-
lar solvent carbon tetrachloride is due to a breakage 
of hydrogen bonds of methanol with the result that 
the fraction of free OH bonds increases. A surprise, 
however, is the decrease of the coupling constant 
when the composition of methanol falls below a mole 
fraction of 0.1. A possible explanation could be that 
we find different kinds of methanol aggregates at the 
different compositions of the mixture. From IR mea-
surements on pure methanol we know that at 298 K 
less than 2% monomers but higher aggregates like 
dimers, trimers and perhaps even longer chains exist 
[29]. From computer simulation results at 300 K [13] 
we know that 75% of the methanol molecules are 
engaged in two hydrogen bonds, 16% form dimers, 
7% tetramers and only 1 - 2 % exist as monomers. 
Linear and cyclic dimers possess different hydrogen 
bonds, and therefore we expect to have variable cou-
pling constants, for example 

/ 
H 

CH, — O CH, — O 

H 
/ 

O — C H , 

H 
/ 

H 

\ 
O — C H , 

perature of 298 K. The measured relaxation rates were 
independent of composition, and thus we conclude 
that the isotope effect is negligible. 

Using the T°h values from Table 2 we evaluated the 
deuteron quadrupole coupling constant from (2). The 
deuteron quadrupole coupling constants so obtained 
are listed in Table 4 and are also shown in Figure 4. A 
systematic variation of the coupling constant with 
temperature is apparent, it is the same as for pure 
methanol [11] i.e. the coupling constant increases with 

If ß is the angle between the OH axis and the lone 
electron pair orbital, then for linear dimers ß = 0° and 
the strongest hydrogen bond is formed. Cyclic dimers 
on the other side form an angle ß — 110° and have 
weaker hydrogen bond energies. From IR measure-
ments using the matrix isolation technique Luck [29] 
could identify hydrogen bonds of different methanol 
aggregates with respect to the corresponding angles ß. 
We might suppose that in the sequence oligomers 
{ß = 0°), tetramers {ß = 20°), trimers (ß = 50°), cyclic 
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dimers (ß =110°) and monomers the quadrupole cou-
pling constant increases because of decreasing hydro-
gen bond strength. On the basis of this we can explain 
the behaviour of the deuteron quadrupole coupling 
constant. At first the hydrogen bonds will be de-
stroyed, thus the mole fraction of free OH bonds and 
the coupling constant increase. At the lower concen-
trations of methanol more cyclic dimers exist and the 
quadrupole coupling constant decreases. The limiting 
value at 230 kHz lies above the coupling constant of 
pure methanol, where we find mainly oligomers. Such 
cyclic dimers were indeed found from IR measure-
ments in the mixtures methanol + carbon tetrachlo-
ride [1, 2, 21-24]. In the region of low concentration 
of methanol a specific hydrogen bond peak appears 
and again disappears at higher concentration. This 
intermediate band between the monomer and poly-
mer vibration bands has been observed in different 
alcohols by several authors. Its appearance is ob-
served in the concentration range where the dipole 
moment shows a minimum [30-34]. In view of this 
minimum the assignment of the band to a small aggre-
gate with a cyclic structure is conclusive. 

Pimentel [35] has shown that the hydrogen bond 
energy between two water molecules can be estimated 
quantitatively under the assumption of dipole-dipole 
interaction. Assuming that every OH group consists 
of a dipole with charge 0.32 electron charges and a 
charge separation of 100 pm, they obtained a hydro-
gen bond energy of 3.8 kcal/mol for the interaction of 
two such dipoles at a distance of 276 pm. They 
stressed that their uipole model gives an angle depen-
dence of the hydrogen bond energy. Luck [29] com-
pared the angle dependence of such dipole interac-
tions with his IR results. 

Dixon [36] compared the nmr chemical shifts of the 
OH proton of methanol in carbon tetrachloride with 
the one for hydrocarbons like cyclopentane and cyclo-
hexane. From the smaller upheld shift at infinite dilu-
tion in the carbon tetrachloride solutions he con-
cluded that hydrogen bonds between methanol and 
carbon tetrachloride are formed. Hints to the fact that 
chlorine atoms may act as hydrogen bond acceptors 
were published earlier by Brandt and Chojnowski [37] 
and by Fletcher [38]. Such hydrogen bonds we have to 
expect for all mixtures of methanol with carbon tetra-
chloride, as was shown by Wolff and Hoeppel [10]. 
However a maximum of the chemical shift or a mini-
mum of the dipole moment at lower methanol concen-

4 0 0 

3 5 0 

3 0 0 

i 
o 
N 
o 
H 2 5 0 

200 

1 5 0 

100 
0 0 . 2 0 . 4 0 . 6 0 . 8 1 

Methanol 

Fig. 5. Oxygen-17 relaxation rates (1/TJq of methanol 
C D 3

1 7 O H in carbon tetrachloride as functions of composi-
tion and temperature (A 288 K, + 298 K, o 308 K). 

Table 5. Oxygen-17 relaxation rates (1/TJq in s " 1 of meth-
anol C D 3

1 7 O H in carbon tetrachloride as functions of com-
position and temperature. £ A is the activation energy at the 
different compositions. 

"̂ methanol T/K EJkJ mol 1 

288 298 308 

0.03 215 173 131 18.3 
0.05 247 198 155 17.3 
0.07 281 233 179 16.7 
0.10 312 269 199 16.6 
0.20 346 293 225 15.8 
0.30 365 306 234 16.4 
0.60 358 296 231 16.2 
0.85 311 254 208 14.8 
1.00 241 205 178 11.1 

trations cannot be explained by OH • • • Cl associates 
but only with cyclic dimers. 

The measured oxygen-17 relaxation rates ( l /TJo 
for CD 3

1 7 OH are listed in Table 5 and plotted in 
Figure 5. In the relation 

{\/TX= 12/\25n2{eQq/h)2(l + r,20/3)z2 (3) 

the quadrupole coupling constant (eQq/h) 0 and the 
asymmetry parameter r]0 now refer to oxygen-17. For 
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Fig. 6. Oxygen-17 quadrupole coupling constants (eQq/h) 0 
of methanol C D 3

1 7 O H in carbon tetrachloride as functions 
of composition and temperature (A 288 K, + 298 K, o 308 K). 

the oxygen-17 field gradient tensor we know neither 
the direction nor the asymmetry, consequently the 
correlation time T2 might differ from T2

h. In order to 
proceed with the evaluation of our data we chose 
rjO = 0 and used the T2

h values from Table 2. The 
quadrupole coupling constants (e Q q/h)0 were calcu-
lated with these assumptions and are listed in Table 6 
and plotted in Figure 6. If an rj0 value as in the case 
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