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equation leads to a predicted ratio k - ~ / k - ~  i2i 0.3 to 0.5 
for these hydrolyzing metals, a11/u22 < 1 if O / ( p  is less 
than approximately 2-3.3. If 6 / ( p  exceeds this range 
and we are still obgerving the slower of two relaxation 
processes, then this slow process must correspond to  
uZ2 (since u11/a2s :> 11 implies q-' > T ~ - ~ ) .  

The results of this sort of analysis can then be sum- 
marized as 

Slow 
+ /v  process 

Iron (111) 19-61 a22 

Gallium(lli1) 5.2-6.7 a22 

Chromium (111) 1.8-3.4 ? 
Thorium(lV) 1.3-1.5 all 

Scandium(EI1) 1 .O-1.7 a11 
Indium (III) 0.38-0.60 all 

The chromiurxi(II1) case cannot be resolved by this ar- 
gument although we see no reason to doubt our earlier 

assignment of specific rates based on a concordance of 
kinetic and thermodynamic equilibrium constants.5 
On the other hand, our previous assignment of specific 
rates kl and k-l in the case of aqueous gallium(II1) 
hydrolysis was in error. We correctly determined that 
the slower of the two anticipated gallium(II1) hydrol- 
ysis reactions was the one we could observe. However, 
we mistakenly assumed all to be the slow p r o ~ e s s . ~  In  
the gallium(II1) case as with iron(II1) it is actually the 
second hydrolysis step (eq 2) that is slower, Thus the 
corrected specific rates for gallium(II1) are Jc-2 = 
4.5 X l o 9  M-' sec-l and kz  = 1.7 X 105 sec-' with 

= 10-4.4, in rough agreement with the potentio- 
metric17 *K2 r= 10-3.5. 
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The I)N liquid association shifts and temperature dependences of' the 15N chemical shifts of 15n'H3, CH3l5iYH2, 
(CE):3)2l5NH, (CHg)g16N, and CH3C16N are presented and discussed. In  the order given above, the vapor 
chemical shifts are 0, -14.5, -26.1, -28.7, and -273.4 ppm, respectively. The liquid association shifts 
a t  the melting point are -22.6, -9.4, -3.2, -6.9, and f11.3 ppm, respectively, and the temperature coef- 
ficienls are +4.3, f l . 6 ,  f0.5, f2.0, and -2.1 (all X ppm/'C), respectively. The difference in the 
sbifl data between the amines and acetonitrile is attributed to the dominance of the diamagnetic term in the 
case of the amines compared to the dominance of the paramagnetic term in acetonitrile. 

Introduction 
In  recent publications2"Sb we have demonstrated that 

the 170 resonance in pure liquid water and the 15N reso- 
nance in pure liquid ammonia are both considerably 
downfield O F  the reeonances in their respective vapor- 
phase molecules. 'The liquid-phase resonance also 
shifts, in each case, to lower field with decreasing tem- 
perature in linear fashion. Moreover, taking pure 16NH3 
as an example the I5N shift between vapor and liquid 
and the temperature coefficient of the 15N shift in the 
liquid are botkl more than ten times as large as the cor- 

responding parameters for the KH3 proton resonance. 
It is thus possible for the I5N resonance to be a sensitive 
probe for study of liquid-phase intermolecular inter- 
actions traditionally studied by proton reaonance mea- 
surements. W e  have, in fact, more recently shosvn3b4 
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that when s5Nf-3[3 or R!Ie315N is dissolved in a solvent 
the s5?J resonance uridlergoes a shift which may be corre- 
lated with the t jpes  of interactions which can occur 
between the amine and the given solvent. 

In  the preseni work, we report results of a study of the 
"jN resonance in the pure compounds 'jNH3, CH315NNz, 
(CH&lWH, and (ClC-Ty)315K. We were primarily inter- 
ested in measuring the shift of the 15N resonance in the 
pure liquid relztive to the pure vapor and comparing 
this "iiquid-associaLicrn shift" with the temperature de- 
pendence of The 15K shift in the pure liquid for a series 
of structurally related compounds. For compounds 
which are monomoleaular in the gas phase, the liquid- 
association shift is prcmmably produced by intermolec- 
ular interactions in the liquid and since the variation 
with temperature of the I5E shift in the liquid is almost 
surely due to some sort of thermal perturbation of these 
interactions, we felt there might be some correlation 
between these t-vo nuir parameters. 

In previous work,3 we observed that protonation or 
dilution with EL0 produces strong downfield shifts of 
the I5K resonance in the ' W S H 3  molecule. For the 
GHSCN molecule, on the other hand, Lowenstein and 
i\ilargalit6 have reported that the 14N resonance shifts 
upfield on dilution wi:h H2Q or methanol and Olah and 

iovskf have I eported a strong upfield shift of the 15N 
resonance on proton ation. We have therefore also 
measured the 'W liqmid-association shift and the tem- 
perature depemdence of the 15K shift in the liquid for pure 
C & C W  ~ C I  determine whether or not these shifts also 
differ in direction from those for the amines. 

1. Syizthe,& oj" 15N-Labelecl Compounds. The origi- 
nal source of '*'W for. this work was nitric oxide gas, 
isotopically enriched by lowtemperature distillation.' 
The foljowing st quence of reactions was used to convert 
this material to isompically enriched "NH3 or 15NH4Cl. 

Ni catalyst 

800" 
"NO + H2 -----+ 

Starting material containing essentially 100(jZo 15N 
was available to us and was occasionally used for pre- 
paring vapor sa,mplec, where the low density of nuclei 
makes signal detection more difficult. For liquid sam- 
ples, material containing w50yo 15K generally gave 
adequate nmr signals. 
u. ljNH3. This material was prepared as indicated 

above. 16NH3 stored in a stainless steel cylinder at- 
tached to a P ~ I - P X  vacuum system through a stainless 
steel valve could be measured out and transferred by 
standard techniques either for nmr sample preparation 
or for use in other synl heses. 

b. CH315NHz. This material was prepared by the 
sequence of steps listed below. 

n 

b 
n 0 

The above steps are a combination or' two published 
syntheses with obvious minor 

c. (CH&"NH. This compound was prepared by 
the following sequence of reactions. 

CH3"NH2 + C H 3 ~ S O 2 C I  --+ 

H CHJ, (excess) 

I NaOH 
C H 3 ~ S 0 , " N - - C H 3  -'..---.-- 

C H 3 ~ S 0 2 ' 5 N - C H 3  I -------)r XBr 

CH3 
I NaOH 

CH3--"NH*HBr ---- (CH3),'5NH 

The above synthesis is a slight modification of a pub- 
lished procedure.9 

d. (CH3)3*jN. (CH3)315N .HC1 was prepared by 
refluxing 15NH4Cl in an aqueous solution of formic acid 
and formaldehyde according to a published procedure.10 
The procedure reports a yield of 75.4yo of Me3*55n! .HCI, 
but we found that carrying out the reaction exactly 
as directed resulted in a product containing significant 
quantities of Me1WH2 .HC1 and iLle215NN .HCI. By 
doubling the ratio of formaldehyde to W H & l  and 
refluxing for 16-24 hr instead oi the indicated 10 hr, 
we were able to obtain pure R/le315N,MC1 jn over 90% 

(3) W. M. Litchman, M. Alei, Jr., and A. E. Florin, J .  Amer. Chem. 
Soc., 91, 6574 (1969). 
(4) M. Alei, Jr., A. E. Florin, and W. M. Litchrnan, ibid., 92, 4828 
(1970). 
(5) A. Lowenstein and Y. Margalit, J .  Phys. Chem., 69, 4152 (1965). 
(6) G. A. Olah and T. E. Kiovsky, J .  Amer. Chem. Soc., 90, 4666 
(1968). 
(7)  We are indebted to Dr. B. B. McInteer and Mr. R. M. Potter 
of this laboratory for supplying us with this material. 
(8) ','Organic Syntheses with Isotopes," A. Murray III and D. L. 
Williams, Ed., Interscience, 1958, Part 11, p 1731, and Part I, p 491. 
(9) See ref 8, Part I, p 598. 
(10) See ref 8, Part 11, p 1837. 
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yield." The free :imine was liberated from this salt by 
adding concentrated aqueous NaOH. 

e. C"3C"6". This material was prepared by ini- 
tially reacting W H 3  with excess CH&OCl at  Dry 
Ice temperature l o  form a mixture of CH3COl5NH, 
and '5NH&l. After pumping off the excess CH3COCI, 
the CIKaCO"SNH2 was separated from the W H 4 C l  
by a low-temperature (50-75") sublimation in a stream 
of Ar. The CH3(O=)C15NHz was mixed with an excess 
of P20s and the mixture heated to -100" in a distilla- 
tion apparatus which was continually flushed with dry 
Ar. 

2. Nmr. .Wea:;uremenls. The nmr measurements 
were made on  ad Varian DP-60A instrument in which 
the external lock-on mechanism was utilized to fix 
the magnetic field so that H20  protons resonated at  
exactly 60 nlHz. The 15N resonances were then ob- 
served by using a General Radio Co. digital frequency 
synthesizer and the ramp voltage of a Varian C-1024- 
time-averaging computer to sweep the working fre- 
quency in the region of 6.08 MHz. 

The liqu[d imine samples were sealed in Pyrex tubes 
of -8 mm 0.d. diameter. A thin-walled glass thermo- 
couple well Jxas sealed into the tube so that the tip of 
the well was immersed several millimeters at the 
top of the liquid sample. Sample volumes were -1 
cc. The temperature of the sample, was varied by 
flowing hot or cold I T 2  around the sample tube. The 
temperature was risad on a thermocouple inserted in 
the thermocouple well. 

Gas samples were generally prepared by sealing 
-1 rnmol of liquid in an ampoule -35 mm long pre- 
pared from 15-mrn 0.d. standard-wall Pyrex tubing. 
Vaporization of the entire liquid sample would thus 
produce vapor pressures of the order of 5 atm. The 
vapor resoriame was easily observed under these condi- 
tions by using the Varian 6-1024 time-averaging com- 
putes. 

Results and Discussion 
The principal experimental results are listed in Table 

I. The temperature coefficient of shift in each 
pure liquid is derived from the plot of 15K shift vz. tem- 
perature for that liquid (cf. Figures 1 and 2). In  every 
case, the dependence of shift on temperature showed 
no significant departure from linearity over the tem- 
perature range studied (in the case of CH3C1W, nearly 
the entire liqr id range). The vapor resonances, on the 
other hand, vere not measurably shifted by tempera- 
ture changes of 40 to 50") indicating no significant de- 
gree of vapor-phase association for any of the com- 
pounds studied. 

The first t uo  I'QWE of Table I list parameters derived 
from the vapor resonances. They display some inter- 
esting features which we think are noteworthy. Con- 
fining our attention to the amine data, the J I I N - ~  values 
demonstrate that the coupling between I5iY and directly 

The overall yield of CH3C15N was 40-50%. 
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Figure 1. 
pure liquid amines. 

Temperature coefficient for I5N shift in 
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Figure 2.  shifts for CH3C15N liquid and vapor. 

(11) It was convenient to follow the reaction by periodically taking 
a few drops of the reaction mixture and examining ita pmr spectrum. 
The methyl proton resonances for the species (CH3)aNH + (doublet), 
(CHa)&Hz+ (1:2:1  triplet), and CIIaNHa* ( 1 : 3 : 3 : 1  quartet) are 
easily differentiated. 
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Table 1: 16N Nntr Parameters for Simple Amines and CHQN 

GHaCUN (CHs)s"N 16"s CHPNHs (CHs) 116N H 

J ~ ~ N - H ,  vapor" 61.2 64.5 67.0 
16N shift, vapor" (0 ) -14.5 -26.1 -28.7 -273.4 
16N shift, liquid'vd -22.6 (-77.7) -23.9 (-93.5) -29.3 (-96) -35.6 (-117) -262.1 (-45.7) 
Liquid-assoc shift -22.6 -9.4 -3.2 -6 .9 $11.3 
Temp coeff of lrN shift, 4 . 3  x 10-2 1 . 6  X 0.5  x 2 . 0  x 10-2 -2 .1  x 10-2 

iiquide 

a Units are Ha, Uncertainty = i 0 . 3  Hz. ' Units are ppm relative to 16NH3(v). Uncertainty = AQ.2 ppm. Negative sign 
indicates shift is downfield. Shifts, in ppm relative to lSNH,(v), are for the 15N resonance a t  the melting point (listed in "C in paren- 
theses). Volume susceptibility corrections between vapor and liquid 
a t  -30' have been made but changes in susceptibility due to changes in liquid density with temperature have been ignored. The 
trend in these dlata hetween CHs15NH2 and (CHa)al&N follows very closely that reported by Witanowski and danuszewskid for the 14N 
shifts in these same compounds but their shifts are all 1-2 ppm farther downfield than ours when both sets of data are referred to the 
same reference. Uncertainty = i 0 . 2  X 
10-2 ppm/'C. 

These arc obtained by extrapolating data in Figures 1 and 2. 

M. Witanowski and H. Janusaewski, Can. J .  Chem., 47,1321 (1969). e Units are ppm,/OC. 

bonded hydrogen increases with increasing methyl sub- 
stitution. Roberts, et u1.,12 have suggested a linear re- 
lationship betmen s character of the 15NH bond and 
the 16"H coupling constant provided, among other 
things, that the mean electronic excitation energy re- 
mains constant throughout a given series. Using the 
equation proposed by these authors, an increase in s 
character from 203% to 22.8% would account for the 
increase in J l L x - ~  in going from 15iYH3 to (CH3),WH. 
The bond angle datal3 for the series NH3, CH3NH2, 
and (CH3)JW are not sufficiently precise to provide 
any independent evidence with regard to such small 
changes in hybridization. Thus, a small increase in s 
character of the 151YI-l bond might reasonably explain 
the observed increase in Jlax-~ .  However, Tannen- 
baum, Coffin, arid Blarri~on'~ have shown that the ab- 
sorption bands in the region of 50,000 cm-1 undergo 
appreciable shifts to  lolver frequency with methyl sub- 
stitution in the series "3, CH&H2, (CH3)2NH, and 

This result is consistent with a decrease in 
electronic excitation energy but it is not completely 
clear which ellectronic excitation is involved. If the 
uv absorption is due to  excitation of an electron in the 
lone-pair orbital, there may be no necessary correlation 
between the u v  and Jlsy-~  data. However, if the 
excitation energy for a11 electron in the lW-H bond were 
being lowered, then the I / A E  dependence of the cou- 
pling constant might lead to the observed increase in 
JlsN-lx. In ad.dii ion, calculations utilizing the princi- 
ple of "bond-effec:tive nuclear charge"15 can account for 
the observed t rmd in JIs~--Ii. Following the same 
procedure for l5J Ha as for 13CH4, the value of 0.29 for 
the charge transier, Q3 w, in the NH bond satisfactorily 
determines the couplings. The lone-pair charge trans- 
fer, while taken io  be zero, is not greatly significant in 
this calculation. The value of 0.29 for is slightly 
larger than thia QcH found in the methane case but is 
reasonable considering the electronegativities of the 
two atoms. AS it result, since most of the parts of the 

3 ) 3 9 .  

contact term of the directly bonded coupling constant 
expression can individually account for the observed 
changes in coupling, relying on any one of them in a 
specific case is highly suspect. 

The shift of the I5N resonance in the amine vapor to 
progressively lower field with increasing methyl sub- 
stitution (cf. second row of Table I) is roughly in ac- 
cord with the uv absorption data cited above. A de- 
crease in mean excitation energy should lead to an in- 
crease in the paramagnetic contribution to  the shift. 
However, the results of Tannenbaum, el u L . , ~ ~  indicate 
that if A is the total decrease in excitation energy be- 
tween NH3 and (CH3)3N, the decrease between KH3 and 
CHINHz is -2/3A and between KH, and (G 
-7/8A. If the change in AE were the only factor in- 
fluencing the 15N shifts, one would expect the shifts to 
follow the same pattern. Since the shifts depart sig- 
nificantly from this pattern it is likely that other factors 
are also involved. 

The I5N liquid-association shifts listed in the fourth 
row of Table I represent the downfield shift of the I5N 
resonance in the liquid at its melting point relative to 
the gas-phase resonancc whose position, within the 
experimental uncertainty, is independent oi lempera- 
ture. Thus, for each compound, this shift is assumed 
to be the result of changing the 15K environment from 
that in the free molecule to that in the most highly 
structured liquid. We note that the liquid-asso- 
ciation shifts for all the amines are downfield (liquid 
resonance downfield of vapor resonance) but of varying 
magnitude. Since we had concluded from our previous 

(12) G. Binsch, J. B.  Lambert, B. W. Roberts, and J. D. Roberts, 
J .  Amer.  Chem. Soc., 86,  5564 (1964). 
(13) "Tables of Interatomic Distances and Configuration in Mole- 
cules and Ions," The Chemical Society, London, 1858. 
(14) E. Tannenbaum, E. M .  Coffin, and A. J. Harrison, J .  Chem. 
Phys. ,  21, 311 (1953). 
(15) D. M. Grant and W. &/I. Litchman, J .  Amer. Chem. Soc., 87, 
3994 (1965). 
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studies”4 that the interaction of the amine nitrogen 
lone-pair electrons with an N-H proton (hydrogen-bond 
formation) niakes a larger contribution to the 15N shift 
than does inwaction of the nitrogen lone-pair electrons 
with solvent methyl groups, we anticipated that the 
liquid-association shifts for the amines in Table I would 
decrease in magnitude on replacement of protons by 
methyl groups. This does indeed occur as we go from 
WH3 to (CX3)215NN. The increase in magnitude of the 
liquid-association shift on replacing the proton of 
(CN3)2Y6NR with another methyl group to form 
(cI&),l’N was unexpected. 

The temperature coefficient of nmr shift for the pro- 
ton resonance in liydrogen-bondpd liquids is generally 
believed to ~irise from thermal perturbation of the hy- 
drogen-bonded structure either by altering the ratio of 

rogen- bonded to nonhydrogen-bonded species16 or 
by changing the degree of excitation of the hydrogen- 
bond-stretching vibrational mode.17 In  liquid primary 
and secondary amines, one would expect these types of 
thermal perlurbations to also influence the shift of the 
15E nucleus since the nitrogen lone-pair electrons are 
involved in any hydrogen-bonds which are present. 
In addition, our previous s t ~ d i e s ~ , ~  of the 15N shifts 
for 15NNB3 or (CH,)315N in a number of solvents indicate 
that interacrion of’ the nitrogen lone-pair electrons with 
solvent molecule methyl or ethyl gro2pf contributes 
significantly lo the shift. Thermal Perturbation 
of this typii of interaction might also cause the 16K 
resonance to shift with temperature. The plots in 
Figure 1 demonstrate that in the liquid amines the 
shift has a significant temperature dependence not only 
in the hydrogen-bonding liquids 15NH3, HCJT”, and 
(CE&N€I, hut also for (CH3)315N. Thus, as Hindman, 
et ~e1 . ,~ *  have previously shown for proton PU’MR shifts, 
the resonance can shift appreciably with tempera- 
ture in systems which would not generally be considered 
as “hydrogen-borded.” It i s  also interesting to note 
that for :dl the liquid amines in Figure 1, (1) the 1 5 i S  

resonance shifts to lower field with decreasing tempera- 
ture and ( 2 ;  the shift, within experimental uncertainty, 
is a linear function of the temperature. The first ob- 
servation is consistent with the expectation that lower- 
ing the temperature strengthens the intermolecular 
interactions in the liquid and therefore causes the 
liquid-association shift to increase in magnitude. The 
linearity of the temperature dependence of the 16iY 
shift seerns, a t  first glance, to be inconsistent with the 
models proposed for explaining temperature depen- 
dences of nmr shifts in liquids. Thus, for example, if 
we assume that lowering the temperature increases the 
fraction of 16N atoms in hydrogen bonds, the simplest 
shift expression is 

(1) 
dzKoe- AH’RT 

1 4- j y o e - A H / R T  
6 =  

where 62 is the shift of the 15N resonance in the hydro- 

gen-bonded environment relative to its position in a 
liquid-phase “monomeric” or nonhydrogen-bonded 
species, KO is a constant of integration, and AH is the 
enthalpy difference between the hydrogen-bonded and 
monomeric species. 

Equation 1 clearly will not generally yield a linear 
variation of shift with temperature. Thus, if the pro- 
posed model is to  be consistent with the experinlentally 
observed linearity, it must be demonstrated that for a 
reasonable set of values for the parameters &, KO, and 
A H ,  eq 1 will fit the experimental observations within 
experimental uncertainty. We therefore attempted to 
fit eq 1 to the 15N shift vs. temperature data for liquid 
15NH3 (cf. Figure 1) using a nonlinear least-squares 
computer program to find best values for the parameters 
&, KO, and AN.  The results are 82 = -24.5 & 0.7 
ppm, KO = 0.22 f 0.05, and AH = -1.5 4 0.2 kcal/ 
mol. With these best parameter values, eq 1 duplicates 
the experimental data to m7ell within the experimental 
uncertainty. Moreover, the best parameter values 
seem reasonable. Thus, accepting the model on which 
the parameters are based, w e  consider the I5N in liquid 
15NH3 as rapidly exchanging between two environ- 
ments in equilibrium with each other. In the liydro- 
gen-bonded environment, the W resonance is shifted 
24.5 ppm downfield of its position in the monomeric 
environment, and the enthalpv of stabilization of the 
hydrogen-bonded with respect to t h p  monomeric species 
is -1.5 kcal. Taking all three parameter values to- 
gether we calculate that liquid ammonia is 91% hydro- 
gen bonded (Le., 91yo of the N atoms are involved in 
hydrogen bonding) at its melting point and 83% hydro- 
gen bonded at its boiling point. None of these con- 
clusions seems untenable except perhaps the value of 
- 1.5 kcal/mol for the enthalpy of hydrogen-bond for- 
mation in liquid KH3. This value seems rather low 
compared with the heat of vaporization of -5.5 kcal/ 
mol for liquid NH319 or the enthalpy of formation of 
-4.4 kcal/mol reported20 for a hydrogen-bonded gas- 
phase anirrionia dimer. Ilowever, we know of no 
directly measured values of the hydrogen bond strength 
in liquid NH3 and therefore cannot rule out the value 
of -1.5 kcal/mol. It thus appears that the model is 
reasonably consistent with the experimental observa- 
tions although we do not s~ i sh  to imply that it i s  the 
only model which adequately interprets the data. 

Whatever the exact source of the variation of 15N 
shift with temperature in the liquid amines, the linear 
dependence yields a temperature coe&cirnt which is 

(16) U. Liddel and N. F. Ramsey, J. Ckem. Phys., 19, 1608 (1951). 
(17) N. Muller and R.  C. Reiter, ibid., 42, 3265 (1965). 
(18) J. 6. Hindman, A. Svirmickas, and W. B. Dixon, J .  Chem. 
Phys., 47, 4658 (1967). 
(19) “C. R. C. Handbook of Chemistry and Physics,” 48th ed, 
1968, p E-20. 
(20) G. C. Pimentel and A.  L. McClellan. “The Hydrogen Bond,” 
New York, N. Y . ,  Reinhold, 1960, p 224, 
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constant over a rather wide temperature range. A 
comparison of these temperature coefficients (5th row 
of Table I) wish the liquid association shifts (fourth 
row of Table I) for the amines shows a striking simi- 
larity in behavior of these two parameters. Thus, for 
the series 15KI&, CJ%’WH,, and (CH3)215NH, both 
parameters progressively decrease in magnitude with 
the ratio between them remaining approximately con- 
stant. Both parameters increase in magnitude in going 
from (CHJ)~~~?SH to  (C113)315K. These results are 
clearly consistent with the view that the variation of 
shift in the liquid is due to thermal perturbation of the 
intermolecular YD teractions responsible for the liquid- 
association shift. II-lowever, the minimum in both 
parameters a t  (CN8)?IBNH suggests that even for a 
series of structurally related compounds in which the 
electronic envircmmen-t i s  not grossly altered from one 
molecule to the next, relatively subtle changes in bond 
hybridization or in the anisotropy of the electronic dis- 
tribution about the nitrogen may obscure any correla- 
tion between the magnitudes of the I5N shift parameters 
and the types and/or strengths of the liquid phase inter- 

igure 2 and column 5 of 
Table I>, when compared with corresponding data for 
the amines, clearly demonstrates the difference in be- 
havior which mag be Elrought about by gross alteration 
of the electronic structure around the nitrogen. For 
CH3C15;”cI condensation from vapor to  liquid leads to an 
upfield shift of the W’ resonance. Moreover the I5N 
shift in the liquid continues to move to higher field with 
decreasing temperature. Thus the data for CH3C15N 
remain consistent with the premise that the tempera- 
ture variation of shift in the liquid is due to thermal 
perturbation of the interactions responsible for the 
liquid-association shift. However, CH3C15N appears 

to difter consistently from the simple aliphatic amines 
in the direction of I5N shift produced by similar types 
of changes in the nitrogen environment. We suggest 
that this is due to dominance of the paramagnetic term 
in the 15N chemical shift for CH3C15N while the IhN 

shifts in the amines are dominated by the diamagnetic 
term. Thus, in the gaseous molecules, the 15iS reso- 
nance in CH&YSJS is strongly shifted paramagnetically 
(273.4 ppm downfield) relative to lWHB. This is con- 
sistent with the large increase in anisotropy of the 
electron distribution about the nitrogen in CH3CW 
relative to 15NH3. If the paramagnetic term domi- 
nates, any intermolecular interactions which tend to 
displace electrons away from the I5N nucleus would, 
through the ( l / r 3 )  dependence of the paramagnetic 
term, lead to a decrease in the paramagnetic term or an 
upfield shift of the ‘jN resonance. For ammonia or 
the methylamines on the other hand, dominance of the 
diamagnetic term would, through its ( I /? . )  dependence, 
lead to a downfield shift of the resonance for an in- 
crease in the average value of r. 

The rather good constancy of the ratio of I5K liquid- 
association shift to temperature coefficient of I5N shift 
in all the liquids studied here (ratio -500 f 100) 
prompted us to compile a larger list of liquids and nuclei 
for which these parameters had been measured. Table 
I1 is a compilation of such data that n e  were able to 
find readily in the literature. As anticipated, the ratio 
of liquid association shift ai the melting point to the 
temperature coefficient of shift in the liquid does not 
vary greatly over the entire table. Thus, from a purely 
empirical point of view, one could get a quite good ap- 
proximation to the temperature coefficient of shift for a 
particular nucleus in any of these liquids by taking 
- 1/500 of the liquid-association shift for that nucleus. 
It is interesting that the ratio of the enthalpy change on 

Table II : CorreIatan of Liquid-Association Shifts with Other Data 

Liquid-assoc Temp ooeff of shift 
- shift, S,  in liquid, DS/DT, S 

Coxnpd Nuclew m m  Ppm/’C &SS/dT 

-22.6 
-1.05” 
-9.4 
-3.2 
-6.9 
+11.3 
- 3Bb 
-4.66‘ 
-1.46d 
-1.85d 
-3.2gd 

4.3 x 10-2 

1.6 X 10+ 
0.5 x 10-2 
2.0 x 10-2 

-2.1 x 1 0 - 2  
4.8 x 
9.9 x 10-ao 
4.2 X 
4.6 x 10-3d 
6.6 X 

2.7 x 10-ae 
- 525 - 587’ 
- 389 - 5871 
- 587 
- 640 - 370Q 
- 345 
- 538 -$IOh 
- 743 - lO0Of~G 
-471 - l O O O f  
- 349 
- 402 
- 500 

a 3. A. Pople, W. C;. Schneider, and H. J. Bernstein, “High Resolution PJMR,” PIIcGraw-Hill, 1959, p 403. 

e M, Alei, Jr., and A. E. Florin, J .  Phys. Chem., 73, 863 (1969). 

’ A. E Florin and M. 
* J .  C. Hindman, A. Svirmickas, and W. B. Dixon, ’ U .  S .  Bur. Mines Bull. No.  692, 111, 119 

’ “Techniques of Organic Chemistry,” VoI. VII, 2nd ed, Interscience, 1955 

Alei, Jr., J .  Chem. Ph!/s 47,4268 (1967). 
ibid., 47, 4658 (1967) 
(1961). 
p 224. 

J. C. Hindman, ibid. ,  44,4582 (1966). 

‘ S a t .  Bur. Stand. 
E U .  S .  Bur. M i n e s  b’ull. iYo. 68.4, 80 (1960). 

U .  8.) Circ. 500, 623 (1952). 
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evaporation to the difference in specific heat between 
liquid and vapor, (AH/AC,),, , , ,  is also of this order of 
magnitude for a number of liquids. There is a crude 
rationale for this laimilarity if one assumes that the 
liquid association e,hift, S, is proportional to the heat 
of evaporation. Thus, jf X a: AH,,,,, then (bS/bT) a: 
(bAHevap/bT)i (ACJeva,, or /S/ (bS/bT)]  G ( A H /  
ACp)e,ap* This i s  obviously an oversimplification since 
the thermodynamic properties are influenced by energy 
changes in a111 the dlegrees of freedom of the systems in- 
volved while the slhifts may be primarily determined by 
the energies of intcsractions along certain bonds or di- 

rections. However, if this type of model, applied to 
those interactions which influence the shift, is valid, 
the temperature dependence of shift in the liquid would 
be considered as simply due to increasing strength of 
interaction with decreasing temperature and the lin- 
earity of the temperature dependence of shift in the 
liquid would be attributed to the near constancy of the 
rate of change of this interaction energy with tempera- 
ture. Thus, since this “continuum” model could prob- 
ably fit the nmr observations as well as the “two-state- 
model” represented by eq 1, the nmr evidence alone 
cannot rule out either possibility. 

Self-Association of Butylarninesl 

y John C. Schug* and Wen M. Chang 

Department of Chemistry, Virginia Polytechnic Institute and State University, Blachburg, Virginia 14061 
(Received November $8, 1.970) 

Ptddicutwn costs assisted by the National Science Foundation 

An iterative matrix technique is described for solving the quasichemical equations. The method is then 
applied to interpret the amino proton dilution chemical shift of four butylamines in cyclohexane. Compari- 
son of the results with equilibrium calculations indicates that the best stoichiometry for butylamine self-asso- 
ciat tori i s  the formation of noncyclic trimers. 

n the course of other work,2 ip became desirable for 
us to learn slomething about the strength and extent of 
hydrogen bonding in the four isomeric primary butyl- 
amines. We therefore studied their proton magnetic 
resonance spectra, upon dilution with the inert solvent, 
cyclohexane, and sought a model to describe the data 
over‘ the entire concentration range. The data were 
successfully int,erpreted both by a simple monomer- 
n-mer equilibrium model and in terms of the quasi- 
chemical appro~imation.~-~ Comparisod of the two 
sets of results lends t o  the conclusion that the best self- 
association model is the formation of noncyclic trimers. 

The amines “ere the best grades available from Fisher 
and Eastman Kodak. They were further purified by 
distilling twice or more over potassium hydroxide 
pellets using a Vigreux reflux column; the last distilla- 
tion of each amine was carried out immediately before 
its use. Experinients were done using both Fisher 
Certified cyclohexane which was refluxed overnight 
over cdcium hydride and then fractionateds and Fisher 
speotrograde cyclohexane without further purification. 
No differences were observed between these two sol- 

vents. Tetrarnethylsilane (TPIIS) from NMR Special- 
ties was used as an internal standard. 

All glassware was thoroughly dried and was flushed 
with dry nitrogen gas just before use. Samples were 
prepared by pipetting and the nmr sample tubes were 
degassed and sealed under vacuum. The chemical 
shift measurements were obtained with a Jeolco Model 
C-60H (60 MHz) spectrometer employing external 
locking and running in the frequency-sweep mode. 
The frequency of the sweep oscillator was measured 
with a Hewlett-Packard R‘lodel SRC counter. Chemi- 
cal shifts were determined by the difference between the 
frequency at  the proton of interest and that at  the TMS 
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