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We have observed the temperature dependence of the 'H, '°C, and '*N NMR spectra in HCN in the liquid
phase and also in the saturated vapor. Concentrations observed in 0.05 to 0.30 mol/1 for the vapor and 21-27

mol/1 for the liquid at temperatures ranging from 230 up to 380 K. The gas-to-liquid shifts and the chemical
shift between the dimer and the monomer have been determined for 'H, '°C, and "*N nuclei. A dichotomy in
the '*N shifts in nitrogen nuclear environments capable of hydrogen bonding is noted. '*N in HCN appears to
be an archetype of nitrogen nuclear environment which is in the same class as pyridine and acetonitrile (and
which behaves in a manner opposite to that of '*N in NH, and saturated amines), such that the effect of
intermolecular interactions is to lead to an unusual increase rather than the usual decrease in shielding

observed for all other nuclet.

INTRODUCTION

One approach to the study of intermolecular forces is
observing the spectral behavior of a solute in various
solvents. Variations in the NMR spectrum can be par-
ticularly informative, especially if more than one nu-
cleus in the solute is observed. In this study, we ob-
serve the 'H, *C, and '’N nuclei in HCN molecule in the
liquid and in the vapor phase in equilibrium with it, and
follow the changes in nuclear shielding as a function of
temperature.

The effects of intermolecular interactions on nuclear
shielding have been observed as chemical shifts between
the dilute gas and the liquid, shifts between the gas and
the infinitely dilute solution, and shifts in gases with
increasing density. In a dilute gas the nuclear shielding
can be written as a virial expansion in density

o(T, p)=0y(T) + oy (T)p + oo(T)p? ++ -+ .

oy has been observed to be negative, that is, intermo-
lecular interactions generally have a deshielding ef-
fect. 2 Thus, at a given temperature the nuclear reso-
nance frequency increases with increasing density of the
gas.

The theoretical interpretation of o; with a binary col-
lision model proposed by Raynes, Buckingham, and
Bernstein® (RBB) has had varying success for different
molecular systems. 1.4 While the solute parameters A
and B of the original RBB theory have been found to be
completely independent of neither the solvent molecule
nor the temperature, ! this theory still provides the basic
understanding of the subject of intermolecular interac-
tions on nuclear shielding in a dilute gas. This model of
the second virial coefficient of nuclear shielding gives
0y as a sum of several contributions

01 =0y, + 0y, T 0, t 015 +01, + 0y,

All terms are long-range interaction terms originally
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included in the theory except for oy, and o, with which
we will denote the short range repulsive interactions and
the specific interactions (such as complex or hydrogen
bond formation).

The bulk susceptibility contribution to shielding has
been shown by Dickinson® to be given by o, = (@ — 41/3)x,,
where x, is the volume susceptibility of the substance,
and ¢ is determined by sample geometry. Thus, the
bulk susceptibility contribution to oy is oy, = (@ - 47/3)X,,
where X, is the molar magnetizability. o, is negative
for diamagnetic samples observed in cylindrical or
coaxial cylindrical tubes transverse to the field direc-
tion. oy, is negative according to the fluctuating electric
field model which was incorporated into the RBB theory.?
This may be the usual sign for this term, so long as it
is interpreted to include only the effects of the dispersive
interactions. The attractive nature of the dispersion
forces normally leads to an expansion of the electron
cloud about a resonant nucleus and hence deshields it.
This qualitative picture holds strictly only for a mon-
atomic molecule, however. It is not inconceivable that
attractive intermolecular forces can lead to a greater
shielding of a nucleus in a diatomic or polyatomic mole-
cule. 0y; can be of either sign and is an important term
when the probe molecule has an intrinsic electric dipole
moment.? o;, can be of either sign, depending on the
shapes of the interacting molecules, and is appropriate
to include when two molecules have preferred relative
orientations (i.e., an anisotropic intermolecular poten-
tial function). ® 0, has been explored by theoretical cal-
culations. For Xe it has been found to be negative and
large by Adrian, T Raynes has found it to be relatively
small compared to the observed oy values for nuclei in
small molecules, such as for 'H in H, interacting with
He,® B3C, "0, and *He in CO interacting with He,® and 'H,
in CH, interacting with He or CH,.'® Systems in which
0y, is likely to be important have been largely ignored in
gas phase studies. The observed oy has been found to
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TABLE I. Intermolecular effects on !°N shielding in two classes of nitrogen environments.?

Class I Class 11
B NH,4 HCN CHCN  Pyridine
o (neat lig.) —o;® —20bfat  —6,9" at 150K +10, 4% at 346K +11, 3! at +6.3% at
300 K —4.2at 300 K ~+12" at 300 K 227.5 K 300 K
+ 9,8 at
300 K
o (soln in CCly) — o, —17.9% (5% +6.6%1 +4.6
in CCl,)
o (soln in CH;0H) - g —15.58 reacts vigorously +13,4%1 +22,2!
with alcohols
protonation shift?
Opas —~ Og ~—30™ ~+108K" ~+102% ~+122}

2A1l numbers extrapolated to infinitely
dilute solution and corrected for bulk
susceptibility unless otherwise stated.

bChemical shifts from the vapor at some
low density are used in cases where
o¢(T) and oy(T) have not been

9Not well-defined, usually

[o(BH*CI” soln) — (B, neat
lig.)], but conditions are

not comparable, so consider
these numbers approximate
(not corrected for bulk suscep-

®Reference 44.
fReference 22.
€Reference 45.
bReference 46.
{Reference 11.
IReference 19.

determined. tibility).
°Reference 17, not corrected for bulk

susceptibility.

be negative in all the gas phase studies of which we are
aware.? This may be due in part to the dominance of oy,
in some cases and of oy, in others.

It should be noted that although the linear dependence
of chemical shifts with density in the gas phase has been
found to persist in the liquid phase in some compounds, *
0y is not defined for the liquid phase, where there must
be simultaneous interactions between several molecules
because of the small intermolecular separations. We
shall refer to the density dependence of o in liquids in
terms of an “apparent 0;.” The nuclear resonance sig-
nal of the liquid usually appears at a higher frequency
than the gas. The liquid resonance frequency also has
been normally found to decrease with increasing tem-
perature, accompanying the usual decrease in liquid
density with increasing temperature at constant pres-
sure. 't Similarly, the nuclear resonance signal of a
solute molecule in an infinitely dilute solution usually
appears at a higher frequency than that in the dilute gas.
In other words, it is found in most cases that (0 - 0,),,,
<{0 = 0,)es, i.€., intermolecular interactions lead to
decreased shielding. The exceptions to this general ob-
servation have usually been attributed to large positive
o, contributions due to disk-shaped solvent molecules
such as benzene with large magnetic anisotropies.12 We
report here additional exceptions to this general obser-
vation,

1

All other interactions that result in observed chemical
shifts that are drastically different from those expected
for perfect mixtures have generally been implied to be
strong interactions which can result in the formation of
molecular aggregates, e.g., donor-acceptor complexes,
Hydrogen bonding shifts are usually reported as the
chemical shift between the molecule in the neat liquid

tThis work, not corrected for
bulk susceptibility.

kReference 20.
lReference 15.
MReference 16.

and in a solvent with which hydrogen bonding is proposed
{or, for molecules capable of hydrogen bonding in the
neat liquid, as the chemical shift between the neat liquid
and the solution in an inert solvent). There is some
ambiguity associated with the interpretation of this
shielding difference between two condensed phases, as
there are medium effects on shielding in each phase and
only the difference is observed. A shielding difference
which is more amenable to interpretation is the chemi-
cal shift between an infinitely dilute solution, or the neat
liquid, and the zero-pressure gas at the same tempera-
ture [so that o (T) will effectively cancel]. The chemi-
cal shift between the neat liquid and its equilibrium vapor
at a given temperature has been used by Litchman et
al.'* as a good approximation to the above, when vapor
densities are small,

From compilations of chemical shifts in nitrogen NMR
spectroscopy, %! we find that nitrogen nuclear environ-
ments capable of hydrogen bonding can be generally
classified into two classes, depending on their shifts
upon protonation, self-association shifts, and shifts in
the presence of solvent molecules which are proton
donors or proton acceptors. Table I shows some exam-~
ples. It must be assumed that members of these two
classes actually form a continuum due to cancelling ef-
fects of various factors.

There are data obtained in the liquid phase, such as
protonation shifts, or shifts between a solution in a pro-
ton donor and a solution in CCl,, to indicate that the
NH; type of behavior might also be observed in the fol-
lowing types of nitrogen sites: alkyl amines in gen-
eral, '>1® amides, ! isonitriles, !* and the pyrrole nitro-
gen in azoles.'®!® Similarly, there is indication that
HCN type of behavior might also be observed in the fol-
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TABLE II.
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Temperature dependence of nuclear resonance in HCN.

H

13c ISN

o (lig., T)—o (lig., 300),* ppm  +5.947+ 10" (T — 300)

+2.3538x107 (T — 300)?

+17.296 %107 (T — 300)
—1.70922%10™* (T ~ 300)?

—2.1775x 107 (T ~ 300)
—5.508x107 (T — 300)?

(265—360 K) (230-325 K) (265-340 K)
(do/dT)* equil vapor —2.734x1078 —2.652x10% +2.8097x1072
ppm/deg (300~370 K) (325-370 K) (340376 K)

*These are the results of least-squares fitting of the data in Figs.

lowing types of nitrogen sites: imines, !® azines, !* and
pyridine-type N in azoles. !®!® The opposite behavior of
the solvent shifts for the two classes of N environments
were observed earlier in protonation shifts, %% in gas
to liquid shifts, ! in shifts between neat liquids and solu-
tions in CCl,, !" and solutions in a proton donor, !™-1?
However, because of the many factors that affect these
shifts, the dichotomy was not immediately obvious as it
is in Table I when comparisons with the gas or isolated
molecules can be made. Perhaps the most convincing
evidence of a dichotomy is the comparison of the shifts
between the isolated molecule and the solution in CCl,,
since specific interactions are not likely to play a role
in these.

We have already reported the temperature and density
dependence of 'H and '*N nuclear shielding in NH;, % an
archetype of nitrogen environment class 1. In this paper,
we report our studies on the 1H, ”C, and '*N nuclear
shielding in HCN, an archetype of nitrogen environment
class II.

EXPERIMENTAL

In our gas phase studies, we normally prepare samples
of known density within a range of density values which
are less than the equilibrium vapor density over some
reasonably wide range of temperatures (50-150 deg).

To observe HCN gas at temperatures easily accessible
with our variable temperature system (200-380 K) this
would mean preparing samples of 5 amagat or less,
covering at least a fivefold change in density. It is pos-
sible to do this, but HCN is known to polymerize to
azulmic acid on long standing®® and if any polymerization
occurs, the sample density will not stay constant over
the period of time that it takes to acquire precise data
in samples of such low densities over at least a 50 deg
temperature range. However, if we study the equilib-
rium vapor, the vapor density will remain constant and
known at a given temperature, so long as there is some
liquid HCN present, even with some polymerization.
(We are neglecting the effects of the polymer on the va-
por pressure of liquid HCN.)

Samples were prepared from potagsium cyanide (in
separate batches, 95% !°N KCN, 95% '3C KCN from
Stohler Isotopes, normal KCN from Merck) treated with
dilute sulfuric acid.?® The hydrogen cyanide was liber-
ated into a section of the vacuum line where it was cooled
to liquid nitrogen temperature and degassed. Previously
calibrated sample tubes of 2.2 mm i.d., 3.9 mm o.d.,

1-3 to a polynomial in T.

and about 5 cm long were filled and sealed off as pre-
viously described. 5 These samples fit into standard 5
mm o,d. NMR tubes with enough annular space for the
toluene-dy liquid, which was used as a lock substance.
The small sample tube which we use for variable tem-
perature studies is especially important in this study.
It is necessary to have a known uniform temperature
throughout the sample since the vapor density depends
on the temperature. By proper positioning of the NMR
sample tube in the insert, both the vapor and the liquid
or just the liquid could be observed, even with samples
containing a very small amount of liquid.

In this study, we observed 'H inliquid HCN at 265-360
K, 'H in HCN vapor in equilibrium with liquid at 300~
370 K, "N in liquid HC !°N (265-340 K) and its equilib-
rium vapor (340-376 K), *C in liquid H'3CN (230-325 K)
and its equilibrium vapor (325-370 K). FTNMR spectra
were obtained at 21.1 kG on a Bruker HFX90 variable
frequency spectrometer with a Bruker B-KF 322s pulsed
NMR spectrometer providing gated rf power amplifica-
tion, a NIC293 controller as a pulse programmer and a
Nicolet 1080 data system. 'H spectra were acquired at
89.998 MHz, '3C spectra at 22,633 MHz, and '°N spectra
at 9.121 MHz. Pulse repetition times of 0.55 s were
used for 'H and !°N, 1.5 s for 3C. Sweep widths of 1000
and 2000 Hz were used and 1 to 4 K data points were
taken, zero filling to 8 K. Spectrometer and lock fre-
quencies were monitored with a Fluke counter and all
data were corrected for any variation in the lock fre-
quency.

RESULTS

The results of observing 'H, ¥C, and !*N NMR spec-
tra in the liquid and the equilibrium vapor in hydrogen
cyanide are shown in Figs. 1-3 and Table II. The 'y
and !°N data are plotted as v +3J,,(*H-'°N), in order to
superimpose the data from both members of the doublets.
The 'H-'"N coupling constant did not show any consistent
change with temperature outside of experimental error.
The absolute value of 2Jyy is 7.0x1 Hz, to be compared
with 8.7+0.1 Hz reported earlier for liquid HCN.?® The
'H-13C coupling constants are plotted separately in Fig.
4. They agree with the value of 267.3 + 0. 10 Hz reported
recently for liquid HCN.?" It is seen in Fig. 4 that the
coupling constant lJc,.l in HCN has a measurable concen-
tration and temperature dependence, which we can ex-
press approximately as: J(T, p) =Jy(T) +Jy(T)p+--+.

As for 'Jgp in !'BF,, % the C~H coupling constant in
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FIG. 1. Temperature dependence of the
'H NMR frequencies observed in liquid
HCN and in the vapor in equilibrium
with the liquid.
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liquid HCN has a greater magnitude than that in the va-
por. In this case, however, we are presently unable to
get values of dJ,/dT and J,(T) separately. From the
gas-liquid shift in the coupling constant at 336.6 K, we
estimate J; to be 2.5%x10"? Hz/amagat.

Gas to liquid shifts for HCN were measured by ob-
serving both liquid and vapor in the same spectrum at a
given temperature. The results are shown in Table III.

ANALYSIS

There have been many computational techniques used
for the NMR study of hydrogen bonding in solution. 12

310 320 330 340 350 360

370K

However, none of them have taken into consideration in-
tramolecular dynamic effects (temperature dependence
due to rovibrational averaging) and nonspecific inter-
molecular effects. Let us consider only dimer forma-
tion and include these medium and dynamic effects.
Consider a dimer-forming system such as

2HCN=H-C=N, - -+ H-C=N,

at a given temperature T. Let 0,, 04, 05, be the ab-
solute shielding of the nitrogen (or other) nucleus in the
monomer site and the dimer sites, respectively. Let
the association shift be defined as 8(T) =[0,(T) + 04,(T)}/2
-0,(T). Let a be the degree of association which de-

FIG. 2. Temperature dependence of the

3C NMR frequencies observed in liquid
400 HCN and in the vapor in equilibrium

with the liquid.
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FIG. 3. Temperature dependence of the
N NMR frequencies observed in liquid
HCN and in the vapor in equilibrium
with the liquid.

pends on the concentration C and the temperature 7.
C(1 - a) is the concentration of monomer and @C/2 the
dimer, such that the association equilibrium constant K
equals a/2(1 - a)’C and a ~2KC for a < 1. Under con-
ditions of fast exchange between the bound and the free
chemical species, we consider the average shielding
which will be observed.

A. Without medium effects

Assuming only monomers and dimers with no medium
effects, with fast exchange, only the average shielding
will be observed

0,{T,C)=01 —-a)o, +alo, +0,)/2
=0, +af(o, +0g)/2 -0,], (1)
or

(T, C)=(1—a)y, +alv, +vy)/2 . (2)
For equilibrium vapor data, a plot of ¥(T,C) vs a(T, C)
would yield

g

=3[0,(T) +05(T)] - 0,(T)=5(T) , 3)

TABLE III. Parameters obtained from the
temperature dependence of the nuclear reso-
nance in liquid HCN and its equilibrium vapor.

o (ligq., T)

— o (equil vap, T) Saelppm)
nucleus (ppm) estimate
'H —2.00 at 346.6 K — 1.440
3¢ —~7.68 at 336.6 K —~13.630
15N +10.4 at 346.7 K + 14, 080

2The association shift (o, +0p)/2 — 0, was cal-
culated using Eq. (3), i.e., neglecting non-
specific medium effects and rovibrational
averaging.

| | | | |
260 270 280 290 300 310 320 330 340 350 360 370 K

which is the association shift. «(T,C) can be calculated
from the temperature dependence of the equilibrium va-
por pressure of liquid HCN?® and the equilibrium con-
stant for dimer formation, *’ assuming only monomer
and dimer coexist in the vapor phase.

Figure 5 shows for the equilibrium vapor, o(T,C) vs
a(T, C) for 'H, C, and !*N. If we neglect nonspecific
medium effects and the temperature dependence due to
rovibrational averaging, the slopes of the curves in Fig.
5 yield the association shift 5 according to Eq. (3).
These values are — 1. 44 ppm for 'H, —13.63 ppm for
3¢, and +14,08 ppm for °N.

LIQUID HCN o

270
268
266
264—1-
JeH
262}—
Hz
260|— EQUILIBRIUM
VAPOR
258—
o 5%
256
-
S T T Y
240 260 280 300 320 340 360 380K

FIG. 4. Temperature dependence of the 'Joy coupling constant
in HCN. For the liquid a least-squares fit to the straight line
gives 1oy (liquid) = 269,06 + 4. 405 x10"2 (T — 300 K) Hz. For
the equilibrium vapor, ‘JCH (equil. vapor)=255.77+3.519

x 107 (T — 300 K) Hz.
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B. With medium effects

To include medium effects, we replace o, by the virial
expansion

o, +0y(m,m)C(1 ~a)+o(m,AB)Ca/2+.--

at low densities, replace o, by

o, +0{A, m)C(1 —a)+0,(A,AB)Ca/2 4+ ,
and oy by
op +0y(B, m)C(1 —a) +0,(B,AB)Ca/2 +-+- ,

so that

o(T,C)=(1 = a)[0,(T) +0,(m, m)C(1 -a) +0y(m,AB)Ca /2]

+zalo, + 0y +[0y(A, m) +0y(B, m)]C(1 ~a) +3[0y(A,AB) + 0;(B,AB)|Ca} +-.. . (4)

Collecting terms in a and replacing (o, +05)/2 -0, by 6(T)

o(T, C) =0,(T) + 0y(m, m)C + a{6(T) — 20,(m, m)C +[oy(m, AB) +0,(A, m) + 01(B, m)]C/2}

+aZC(01(m, m) —%Ui(m,AB) —%[0'1(A, m) +0'1(B, m)] +%[01(A,AB) +0'1(B,AB)]} eo (5)

If we neglect terms in @® and higher powers
o(T, C) = 0|(T) + 0,C + ad(T) +3aCAo0y , (6)

where oy(T) =0,(T), since o, is the shielding in the limit
of the isolated molecule, 0; =0;(m, m) due to nonspecific
interactions between monomers, and

Agy =[oy(m, AB) +o(A, m) + 0((B, m) ~40,(m, m)] .

From Eq. (6), the limiting slope as vapor density goes
to zero is

Lin(r)x (80/8C)p== 0y + 2K(T)8(T) .

This includes the usual medium effect due to nonspecific
interactions between HCN molecules in the form of oy,
as well as a measure of the association shift 6. Thus,
for a dimer-forming system, the “apparent 0,” may be
considerably larger than or even opposite in sign to that
for a system involving only van der Waals interactions.

The temperature dependence of the nuclear shielding
in the vapor in equilibrium with the liquid is

do _doy db  aCdao Jrc(;zo,Jrgg[o1
dT ~ dT — dT dT dT  dT

1 da . ] Ko 1 %
+ (6 +3z40,C) 5C +3a000 | + dT[o + onic]aK .M
If we assume that 8, Aoy, and oy are approximately tem-
perature independent over the range of temperatures in
which the equilibrium vapor was observed

do(C, T) _ doy(T)
darT dT

®)

(o, +§aAo,]dc

+[6+%CA01]d d—T.

ae
aT
Further, neglecting a Aoy relative to 0, and CA0, rela-

tive to 6

do(C,T) _ do, , dda 01dC
AT o ar T ar T ar )

300 310 320 330 340 350 360 370K
| I ] T 1 ] | [

0.2 T

-0.4—

-0.6— Ppm

os|-

-1.0—

0.0

o~ © 0o
02
0.0p—~

a
DEGREE OF ASSOCIATION

N N T T O I O
010 012 014 016 018 020 022 024

FIG. 5. Variation of 'H, '3C, and '*N nuclear shielding in
HCN vapor (in equilibrium with the liquid) with the degree of
association. In the absence of nonspecific medium effects and
temperature dependence due to rovibrational averaging of the
shielding, the slope is the association shift for each nucleus.
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We see that the temperature dependence observed in the
equilibrium vapor is only partly due to dda/dT. Thus,
the values of § obtained from Fig. 5 are only approxi-
mate.

Thus, we have in Eq. (9) a description of the observed
temperature dependence for the vapor in Figs. 1-3,
The unknown functions of temperature are do,/dT, 5,
and oy. If we further assume that the temperature de-
pendence of the isolated molecule is a linear one and that
the temperature dependence of § and o, is slight, then
for each nucleus in HCN we have three unknown numbers
to be determined from the experimental curves: (1) the
temperature coefficient of nuclear resonance in the iso-
lated molecule due to rovibrational averaging do,/dT;
(2) the association shift 5 = (o, +05)/2 ~0,; (3) the virial
coefficient oy for effects of nonspecific intermolecular
interactions on chemical shielding. Since o(C, T) is
nearly linear over the temperature range for which our
vapor data have been measured, and since dco/dT is
nearly constant for this same range of temperatures, it
is not possible to determine all three parameters. Of
course, the neglect of both do,/dT and o; reduces the
analysis to that of Eqs. (1)—(3), which yields 5, as in
Eq. (3). If we neglect the last term in Eq. (9), we can
obtain a better estimate of 6 than that of Eq. (3). For
the equilibrium vapor, Eq. (9) will reduce to

(do/dT)eq. vap. =d00/dT + 6(dc‘/dT)eq.van. ’ (10)

whereas for the gas at a constant density at tempera-
tures above saturation

(do/dT)c = doy/dT +6(da /dT). . (11)
Since both (da/dT),, .. and (da/dT). are known, a
better estimate of the association shift 6 would be

6 =[(do/dT)eq. vap, = (do/dT)1/

[(da/dT) o, vap. = (d/dT),] , (12)

and at the same time, an estimate of do,/dT can be ob-
tained

doy/dT = 31(do/dT) . vap. + (do/dT),

= 8[(da /AT ) oq.yap. + (d/dT).]} . (13)

The results of this analysis for all three nuclei in
HCN are shown in Table III. The gas-to-liquid shifts
at the boiling points have previously been used as mea-
sures of the association shift 5.'! Since we have values
for gas-to-liquid shifts as well as association shifts for
all three nuclei in HCN, we compare them in Table III.
We see that the gas-to-liquid shifts are of the same or-
der of magnitude as, but not equal to, the association
shifts estimated using Eq. (3).

The analysis of the liquid data is much more involved.
In liquid HCN, it is known that » mers of various lengths
are present’’ so that the average shielding in the liquid
may be written as'?

OuMy + 2K, (T)Mo, 5 + 3K(T)M0,pp +- - -
My + 2K, (T)M3 + 3K, (T)M; + -+ - ’

00y(T) = (14)

where M, is the concentration of the monomer, o,y
=(0, +05)/2 is the average chemical shielding in the
dimer, 0,50 =(0, + 05 +0.)/3 is the average chemical
shielding in the trimer, ... and K,, K; ... are the
equilibrium constants for » mer formation. Although
there exist estimates of the equilibrium constants for
the formation of the higher » mers, K,, etc., 3% we do
not have any independent information about the parame-
ters 0,5, etc., the nuclear shielding in the higher »n
mer species. Note that Eq. (14) holds only if the mono-
mer is the dominant species. That the coupling con-
stants /oy and %Jy, are observed in both the vapor and
liquid phase is consistent with the formation of linear »
mers, maintaining the integrity of the monomeric unit
in the forming and breaking of long chains (unlike HF).

From the known temperature dependence of the vapor
and liquid density of hydrogen cyanide, ?® we have plotted
the variation of the nuclear shielding with the total con-
centration of HCN, These are shown in Fig. 6. The
temperature dependence of the resonance frequencies
due to rovibrational motion have not been removed.
These curves will be described by Eq. (14) only if
the monomer continues to be the dominant species
even in the liquid phase. It appears that a single equi-
librium in which the associated species are dominated
by a particular » mer, does not apply here.®’ If this
were the case, an analysis similar to that used for Fig.
5 would be applicable.

In the analysis of the liquid data, evaluation of the
parameters requires a preliminary hypothesis on the
nature of self-association in the liquid, that is, which
of the dimeric, trimeric, etc., polymeric structures
predominate. Even in the vapor phase there is evidence
for long chains in hydrogen cyanide.30 Since we have
data on all three nuclei, although the nuclear parame-
ters differ, we should obtain the same information about
the nature of liquid HCN from each of 1H, 3¢, and '*N
shielding behavior in the liquid. In an attempt to inter-
pret our shielding data in the liquid, we take the ap-
proach that charge redistribution is related to chemical
shifts. It has been generally found that in linear poly-
mers (such as in the linear hexamer of HFM), there is
little excess charge on the middle molecules; the charge
transfer occurs from one end molecule to the molecule
on the other end. For example, in linear (HF),, the total
charges in the HF moieties in F-H... (F-H),--+ F-H
are 10,039, 10,005, 10,001, 9,999, 9,996, and 9.962.%
While there are some differences in the charge distribu-
tion in the middle monomeric units compared to the free
monomer, these differences are small compared to the
charge redistribution in the end units. From the results
in other linear polymers, we can expect that in
HCN=-- - (HCN),- - - HCN the middle HCN units will also
have very nearly equal total charges. Using this as a
basis, we will assume that from the point of view of nu-
clear shielding, there will be four general types of nu-
clear sites in liquid HCN: two end sites (A and B), a
free monomer site, and a site for middle monomeric
units in linear polymers of various lengths. The next
question we have to answer is, to what extent do the
shielding at the A and B sites depend on the length of the
chain? Again, we have no real basis for an answer, ex-
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cept to compare charge redistributions for various
chain lengths. In HF, the linear hexamer charge redis-
tribution is more pronounced than in the dimer.?! For
linear chains of various lengths the average charge
shifts for H (or for F) has been found to increase with

chain length, and to approach the value for a middle unit.

The shielding difference between the two end sites (A
and B) can be expected to become progressively larger
as the length of the chain increases. However, the av-
erage shielding will not change very much in going from
n mer to » +1 mer since most of the HCN units will be
middle units. The average shielding in the liquid can be
expected to approach the value characteristic of the
middle site as the latter become predominant.

In summary, our model for liquid HCN is as follows.
The composition of the liquid is straight chain n» mers
of varying lengths which undergo chain forming and
breaking such as to maintain the integrity of the mono-
meric unit. The change in nuclear shielding with liquid
density will be monotonic, and the shielding will ap-
proach an asymptotic value (the average nuclear shield-
ing in a middle HCN unit in an » mer). We see that the
curves in Fig. 6, in which the average nuclear shielding
is plotted as a function of the total concentration of HCN,
are consistent with this description.

DISCUSSION

In Fig. 7, we compare the behavior of 'H and !°N in
NH; and in HCN as archetypes of hydrogen bonding sys-

tems with nitrogen sites of class I and II. We note that
the 'H behavior with density (and temperature) is very
similar for the two compounds. Furthermore, both are
very similar, qualitatively, to 'H behavior in systems
not involving hydrogen bonding, e.g., 'H in ethane,3?

On the other hand, intermolecular interactions may lead
to decreased !°N shielding, as in NH; and other class I
nitrogens or to increased shielding, as in HCN and other
class II nitrogens.

As discussed earlier, the qualitative behavior of N
shielding in class I sites appears to be “normal,” e.g.,
no different from '?*Xe interacting with any molecule.

On the other hand, the behavior of N shielding in class

II sites appears to be the opposite of the usual norm and
thus needs some explanation. We desire a self-consis-
tent explanation for the unusual behavior of only the N
in class II sites which at the same time (a) predicts
“normal” behavior (that is, a decrease in shielding due
to intermolecular interactions) for the other nuclei in the
same molecule, (b) does not require specific interactions
such as hydrogen-bonding, (c) but does become more
pronounced with hydrogen bonding or similar interac-
tions, (d) does not apply to 15N in class I sites, with or
without hydrogen-bonding, and (e) does not apply in gen-
eral to 'H, °F, or other nuclei in almost any molecule
interacting with other molecules. We think there may
be a clue in the blue shifts observed in n- 7™ electronic
spectra of molecules with class II nitrogen sites.

If we use a very simple model for the paramagnetic
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FIG. 7. Comparison of the temperature dependence of 'H and
5N NMR frequencies in hydrogen bonded systems of two types.
Note that this figure is drawn solely for comparison of the
temperature dependence of shielding in each phase. The rel-
ative chemical shifts between these phases are not shown. The
15N shifts at 300 K have been reported previously on an absolute
5N shielding scale: 263.5 ppm for *N in NH, (vapor), 244.6
ppm in NH, (liquid), - 8.3 ppm in HCN (liquid), and — 20.4 ppm
in HCN (vapor). The 'H nuclear shielding at 300 K for these
phases [based on the 'H absolute shielding for NH; reported by
S. G. Kukolich, J. Am. Chem. Soc. 97, 5704 (1975)] are:

30.7 ppm for 'H in NH, (vapor), 29.0 ppm in NH; (liguid),

28.0 ppm in HCN (vapor), and 25.6 ppm in HCN (liquid).

term in nuclear shielding, involving the average energy
approximation®

oc=0+0? ,
we may write for the paramagnetic term
ot~ (262 /3m* PAEY1 /), P, +1/¥), D,) .

Here, P, and D, can be expressed in terms of orbital
populations, and {1/7%) is some average atomic value for

nitrogen. If all other terms remain the same, an in-
crease in AE would mean a smaller o® term and thus

an increase in nuclear shielding. It is generally found
that N containing 7 systems such as azines undergo a
large blue shift in their n—~ 7™ electronic spectra in going
from the free molecule (gas phase) to the solution in any
proton donor solvent.?® This is understood in terms of
the ground state energy being considerably lowered by
specific interactions (of the hydrogen-bonding sort) with
the lone pair electrons, whereas the excited state which
no longer has a lone pair is hardly affected. These blue
shifts can be of the order of 3000 cm™. On the other
hand, electronic spectra of most molecules usually un-
dergo small blue or red shifts in going from the gas
phase to the liquid or solution.?®® Since a change in the
local electronic distribution at the nitrogen is involved

in going from the ground state to the excited state in an
n~n" transition, these excited states are probably of
major importance in the sum over states which appears
in the second order perturbation term o? for nuclear
shielding. Intermolecular interactions involving the lone
pair electrons of a nitrogen affect the electronic energy
levels of the molecule in such a way as to cause the ob-
served blue shift in the n— 7™ transitions. Since the
shielding of the nitrogen nucleus is influenced to a large
extent by the local electronic distribution around it, any
effects involving the participation of the lone pair may

be expected to be important for nitrogen, and may be
less important for the other nuclei in the molecule.
above explanation satisfies conditions (a) through (e).

The

The observation of a linear hydrogen-bonded HCN
dimer by infrared spectroscopy®® confirms that hydrogen
bonding may be the reason for the large apparent oy val-
ues for 13C and ®N. At 300 K, HCN vapor consists of
approximately 10% dimer and 3% trimer.3" The HCN
dimer H-C=N: .- H-C=N has been studied by infrared
spectroscopy of the isolated dimeric species in an argon
matrix at a low temperature.3® The vibrational frequen-
cies of the monomer are 3305 (CH stretch), ~2110 (CN
stretch), and 721 em™ (angle deformation).®’ The CN
bond not involved in the hydrogen bonding is assigned to
2112, while the hydrogen bonded CN stretch is at 2093
em™!. The CH bond stretch is virtually identical in the
monomer and the non-hydrogen-bonding CH of the dimer;
but the hydrogen-bonded CH stretching frequency is at
3213 em™!, shifted by about 100 cm™.%® Solvents are
known to further shift the CH stretch in HCN about 33 to
115 em™! relative to the vapor, and the bending frequency
13 to 44 cm™ relative to the vapor.®® To explain the vi-
brational frequency shifts, interactions of the type
R-X:-+ H-C=N as well as H-C=N-.-- H-R have been
proposed.

There are two sites for each nucleus in the dimer
(HCN),. For example, the nitrogen nuclear sites may
be denoted A and B

H-C=N, -+ H=C=Nj .

If we neglect the trimer, in the gas phase we observe the
nitrogen shielding averaged over the two sites and the
monomer. For HCN, it appears that one or both of the
nitrogen shielding changes (0, —¢,) and (o5 —0¢,) are
positive, with the average nitrogen shielding in the dimer
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being greater than that in the monomer. On the other
hand, the average 'H and 1*C shielding in the dimer is
less than that in the monomer. The individual nuclear
gites (monomer, site A in dimer, site B in dimer) are
not observed, the exchange is sufficiently rapid for that.
However, the HCN moiety must remain intact in these
exchanges because the 'H-13C and the 'H-!*N couplings
are clearly observed. HCN is unlike HF, in which there
are rapid monomer -breaking exchange processes in the
vapor and liquid phase.®® The coupling constants we re-
port here are likewise averages between the couplings
in the monomer, in the H-C=N,, and in the H-C=Ng
parts of the dimer.

Population analysis of complexes and the isolated
monomers are usually performed in theoretical studies
of energies and geometries of hydrogen-bonded systems.
The following generalizations have emerged.*’ Upon hy-
drogen bond formation, (1) the hydrogen in the H bond
loses electrons. (2) The electronegative atoms gain
electrons; more electrons are gained by the electronega-
tive atom on the proton donor molecule. (3) All hydro-
gens attached to the electronegative atom of the proton
donor molecule (away from the hydrogen bond) gain elec-
trons. (4) The hydrogen (or carbon) attached to the
electronegative atom of the proton acceptor molecule
loses electrons. (5) The charge changes on the atoms
immediately attached to the three-center H bond are of
the same magnitude as those in the bond. Applying these
to (HCN),, the charge redistribution would be

H-C=N, -+ H-C=Ny,

6" 6* 6” 6" 67 6"
Indeed, the population analysis by Johansson et al.*!
gives the values +0, 0095, +0,0208, —-0.0146, +0,0271,
-0.0202, and -0.0226, respectively, for the atoms in
the above structure from left to right. A simple-minded
translation of these charge shifts to shielding changes
would lead to deshielding for both H nuclei, increased
shielding for both N nuclei, deshielding for one carbon
nucleus, and increased shielding for the other carbon,
with an average deshielding effect for the two. Loss of
electronic charge does not always lead to deshielding,
however. For comparison, we look at the charge shifts
for (H,0),*® and the shielding changes calculated by
Ditchfield*?

=0,47 ppm
H H +7.7
\o& S N\leT =2.95 40,82
O+ H-O-H, O--+ H-O-H
/ /
H H

For HCN, we have, inthe 6 values shownin Table II, the
average shielding changes in going from HCN to the hy-
drogen bonded dimer (HCN), if we neglect nonspecific
medium effects (o)

—-1.44 ppm
/
H-C=N, -*+ H-C=N, H—C\ENA”' H-C=N,
5" 8% 6° M (
6707 6 -13.63Ppm +14.08 ppm

Since only the average shielding is observed, we have
no empirical way of obtaining shielding changes for each

of the two types of !°N (or *C or !H).

HCN is the simplest polyatomic molecule capable of
forming hydrogen bonds. Moreover, the geometry of the
hydrogen-bonded dimer is known.%® A theoretical calcu-
lation of 'H, 13C, and !°N shielding in H=C=N- -+« H-C=N
compared with the isolated HCN would be helpful in un-
derstanding the disparate effects of hydrogen bonding on
the nuclear shielding of the three nuclei.
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