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1 Introduction

A striking experience, common to most young chemists, is the
veil of white fog that hangs eerily over the benches of a school
laboratory after a period of vacant calm. The image is both
enduring and thought provoking. When encountered in later life
the phenomenon is redolent of chemistry in childhood. What is
the smoke? Why and how is it formed?

The smoke consists, of course, of solid particles of ammonium
chloride and has its origin in the slow interdiffusion of the
vapours that leak from reagent bottles of ‘0.880” ammonia and
‘conc.” hydrochloric acid. We learn somewhat later that each
solid particle is composed of regular, interpenetrating arrays of
ammonium (NH, *) and chloride (C17) ions in a body-centred
cubic lattice. Presumably, the separate vapours issuing from the
two reagent bottles contain NH; and HCI molecules, respecti-
vely. This provokes further questions: How do NH; and HCI
molecules interact to produce the ionic solid? What is the stable
product of the interaction of a single NH; molecule and a single
HCl molecule? Is it the simple hydrogen-bonded dimer
H;N:--HCl or is a proton transferred from one to the other to
give the ion pair H;NH™ ---C1~? If the former, how does the
ionic solid result? Are clusters (H;N---HCI),, produced by
further interactions of H;N+-+HCI in the vapour until, even-
tually, the Coulombic stabilization associated with the ionic
lattice facilitates proton transfers to give (H;NH*:--Cl17),,? At
what value of m does this process occur? Are there analogues
R;_,H,N---HX for which the ion pair Ry_,H,NH* X" is
the most stable form in the dimer? What groups R and X and
what values of n favour the ion pair?

The work described in this review was stimulated by such
childhood memories and more mature reflection. Its aim was to
answer some of the questions posed above. It was enabled by the
development of a powerful tool: rotational spectroscopy of
supersonically expanded jets. This technique allows the isolation
and detailed characterization of dimers such as (NH,;,HCI)
before clustering and precipitation can occur. Section 2
describes in outline the technique, the dimer properties to which
it leads, and the special problems associated with its application
to ammonium and methylammonium halides.

The results for the heterodimer (NH;,HCI) in the vapour of
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the archetypal substance ammonium chloride and their interpre-
tation in the light of limiting hydrogen-bond H;N---HCI and
ion-pair H;NH * +++Cl~ models are discussed in some detail in
Section 3. The ways in which ammonium chloride might be
modified to enhance ion-pair character in the heterodimer are
explored in Section 4, wherein the conclusions available from
analogous experiments conducted on carefully selected series of
ammonium and methylammonium halides are also presented.
The consistency of the experimentally derived conclusions of
Section 4 with simple energetic arguments is examined in Section
5 while the consequences of replacing N by its second row
analogue P are reviewed in Section 6.

2 How Can the Nature of Heterodimers
(R;- ,H,N,HX) in the Vapour Phase be
Established Experimentally?

Much of our detailed knowledge of the geometry and electric
charge distributions of simple molecules has been derived from
spectroscopic constants gained by analysis of rotational spectra.
But the application of rotational spectroscopy to heterodimers
(R;_,H,N,HX) in the vapour of even the simplest members of
the series, namely the ammonium and methylammonium
halides, presents several problems which are discussed in 2.1
below. A form of spectroscopy that allows the problems to be
overcome is outlined in 2.2 together with a summary of the
spectroscopic constants and the molecular properties thereby
available. The interpretation of spectroscopic constants to yield
molecular properties requires limiting models for a hydrogen-
bonded and an ion-pair heterodimer to be chosen. These are
discussed in 2.3.

2.1 What Problems are Encountered in the Spectroscopy of
Heterodimers (R; - ,H,N,HX)?

Rotational spectroscopy is conducted on gases. The ammonium
and methylammonium halides, which are the only members of
the series (R;_,H,N,HX) so far investigated by rotational
spectroscopy, have suitable vapour pressures at temperatures in
the approximate range 200—300°C. Unfortunately, at such
temperatures and pressures the vapour is almost completely
dissociated into the amine and HX, with only a tiny fraction of
the equilibrium mixture present as the heterodimer. Cooling the
vapour will increase the mole fraction of heterodimer but
decreases the vapour pressure at the same time. It is difficult to
find a compromise temperature at which the number density of
heterodimers is detectable. What is required is a method of
cooling the mixture of amine and HX but without the concomi-
tant precipitation of the solid ammonium halide. Such a method
exists. It involves supersonic expansion of a dilute mixture of the
component substances in, for example, argon through a pin hole
into a vacuum to form a jet. The properties of supersonic
expansions are well known.! Of most significance here are the
efficient formation of the heterodimer by three-body collisions
early in the expansion and the subsequent rapid onset of the
collisionless phase of the expansion. Heterodimers surviving
until the collisionless phase will then persist until they encounter
a wall of the vacuum chamber. No further clustering or precipi-
tation is possible and hence the molecules can be interrogated by
microwave radiation at this stage to give their rotational spectra
(see 2.2 below). Because of the very low effective temperature in
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the expanded gas, almost all heterodimer molecules are 1n their
vibrational ground state

The mixture of the active components in argon can be
achieved simply by entraining 1n argon the vapour n equili-
brium with the heated salt 23 When X = Br or I, however, the
hot vapour 1s very reactive and attacks the containing metal
vessel In such cases, a more satisfactory approach 1s to use the
so-called fast-mixing technique # 5 The components are then
held separately at room temperature until the point at which
they expand, simultaneously and coaxially, into the vacuum
Precipitation of the solid 1s again avoided and the resulting jet 1s
rich 1n the heterodimer species of interest

2.2 Rotational Spectroscopy of Supersonic Jets containing
(R, ,H,N,HX)

The properties of the (R;_,H,N,HX) heterodimers discussed
here have been obtained from their rotational spectra observed
by a technique called pulsed-nozzle, Fourier-transform micro-
wave spectroscopy ¢ 7 A short pulse of the gas mixture of interest
1s expanded supersonically from a relatively high pressure
through the nozzle (pin hole) into a vacuum When the gas pulse
1s 1n collisionless expansion, 1t interacts with a pulse of micro-
wave radiation If the latter contains frequencies that coincide
with a rotational transition of the heterodimer of interest, a
macroscopic electric polarization 1s induced 1n the ensemble of
molecules Compared with the pulse of microwave radiation, the
macroscopic polarization of the sample 1s long lived and there-
fore the spontaneous coherent radiation emitted when the
polarization subsequently decays can be detected as a free
induction decay in the time domain but 1n the absence of any
background radiation Fourier-transformation of these signals
leads to the usual rotational spectrum 1n the frequency domain
The reader will be familiar with the pulsed NMR experiment 1n
which a magnetic polarization 1s induced 1n an ensemble of
nuclear spin vectors and the NMR transition 1s detected as a free
induction decay The microwave experiment outlined above 1s
the exact electric analogue of the NMR experiment The physics
of the two methods 1s 1dentical except that the polarization by
microwave radiation involves the alignment of electric rather
than magnetic dipoles and that the characteristic time of the free
induction decay 1n the microwave region 1s much shorter

In the present context, the essential feature of the pulsed-
nozzle FT microwave spectrometer 1s the nozzle that produces
the gas pulse Two types of nozzle used here have been referred
to above the heated nozzle and the fast-mixing nozzle Both are
based on a solenoid valve which forms the gas pulse In the
heated nozzle, solid ammonium chloride (for example) 1s con-
tained 1n a channel concentric with a 0 7 mm circular hole 1n a
chamber attached to the base plate of the solenoid valve The
chamber 1s heated to a temperature at which the vapour pressure
above the solid 1s sufficient When the solenoid valve1s activated,
the 0 7 mm hole 1s opened and the vapour above the salt,
entrained ina suitable quantity of argon, expands throughitinto
the vacuum chamber of the spectrometer In this way a super-
sonically expanded jet 1s produced The timescale of the expan-
sion 1s very short the period between the equilibrium gas
mixture entering the nozzle and the collisionless expansion
phase in the vacuum chamber being only about 10us Asa result,
the extent of clustering 1s kept small and little solid 1s formed
The concentration of heterodimers (NH;,HCI) 1n the expanded
gas 1s, on the other hand, substantial

The fast-mixing nozzle consists of the assembly 1llustrated 1n
Figure 1 It s attached coaxially to the base plate of a solenoid
valve 5 A pulse of gas mixture of (¢ g) 1% trimethylamine 1n
argon from the solenoid valve passes through the outer of the
two concentric tubes, as indicated by the arrow Meanwhile, a
mixture of (e g ) 30% HBr 1n argon flows continuously through
the inner tube (0 25 mm internal diameter) The two gas flows
meet only as they expand into the vacuum chamber At the
boundary between the inner and outer components of the
concentric flow which constitutes the jet, the heterodimer of
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of HBr in Ar

Pulse of (CH3)3N n Ar

from solenoid valve

o

Figure 1 Fast mixing nozzle used to observe the rotational spectra of
species such as [(CH;);N,HBr] The (CH,);N/Ar muxture 1s pulsed
from a solenoid valve, onto the bottom of which the fast-mixing
nozzle shown 1s attached The continuous flow of HBr/Ar from the
mner tube meets the pulse of gas from the outer tube 1n a concentric
flow and [(CH;);N,HBr] 1s formed at the confluence without
precipitation

(e g ) timethylamine and HBr 1s formed 1n detectable quantity*
while precipitation of the solid 1s again minimal

2.3 Spectroscopic Constants and their Interpretation: Limiting
Models

Once observed by the above-described techmque, the ground-
state rotational spectra of heterodimers 1n the series
(R;-,H,N,HX) can be analysed to give a variety of spectro-
scopic constants These constants can be interpreted 1n turn to
give the dimer properties and the nature of the intermolecular
interaction can then be diagnosed with the help of models
suitable for the two limiting cases, 1 e the simple hydrogen-
bonded dimer and the simple 10n-pair

Table 1 sets out the spectroscopic phenomena/constants of
principal interest 1n connection with this discussion of the
ammonium and methylammonium halides and indicates the
heterodimer properties to which they lead The final column of
Table 1 gives some comments about models used All but one of
the heterodimers considered here exhibit symmetric-top type
rotational spectra This observation gives an immediate insight
mnto the heterodimer geometry - 1t must have at least C,
symmetry The rotational constants B, determined from
analyses of such spectra are the ground-state values and are
related to the distribution of mass (moment of 1nertia) in the
vibrationless state 1n a complicated, but well understood, man-
ner It 1s customary to use B, values as though they were
equilibrium values (the differences are relatively small) to obtain
bond lengths and angles (the so-called r, and r-values) Follow-
ing this convention, B, values and their changes on 1sotopic
substitution can be interpreted 1n terms of the separation of the
(CH;);_,H,N and HX subunits 1n the heterodimer, 1f unper-
turbed monomer geometries are assumed All bond lengths
considered here are of the ry-type

The centrifugal distortion constant D; of a symmetric-top
heterodimer, which allows for the slight dependence of the
molecular geometry on rotational state ignored 1n the rigid rotor
limut, can be interpreted 1n terms of one measure of the strength
of intermolecular binding by using a simple model The
monomers are assumed rigid and unchanged 1in geometry on
dimer formation The constant D; depends in the quadratic
approximation on only the intermolecular stretching force
constant k, according to®

ku = (16 72 B?) I / DJ)(I - B, | Bgase = B,/ Byix) (N
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Table 1 Spectroscopic constants, properties and limiting
models of heterodimers [(CH;), - ,H,,HX] from
rotational spectroscopy

Spectroscopic
property Heterodimer property Limiting model
(1) Form of Symmetry Symmetric top
spectrum A>B=0)
Asymmetric top
(A>B>CQC)

Semi-rigid rotor n
either hydrogen-bond
(CH;); ,H,N---HCI
or 1on-pair

(CH3)3 anNH Feee X
limit

Unchanged monomer

(2) Rotational Radial and angular

constants geometry geometries assumed,

Ao, By Co r(N---X) and relative onentation (where
orientation of appropriate) of subumts
components fitted

(3) Centnifugal Intermolecular (a) Sumple hydrogen-
distortion stretching force bond model,2 e g
constant D, constant &, HCN---HC(],

,=912Nm !
(b) Ion pair model”
eg Na*t+-Cl ,
k,=1086 Nm !

(4) X or 14N Electric field gradient  (a) Simple hydrogen
nuclear along principal bond model,?e g
quadrupole mertial axis at X or HCN---HCI, x(35C]) =
coupling 14N — 53 720(2) MHz
constants x(X) (b) lon-pair model,‘ e g
or x(**N) Nat---Cl ,

x(35Cl) = — 5 643(4)
MHz

A C Legon E J Campbell and W H Flygare J Chfm Phys 1982 76
2267 and Ref 11 * Calculated using w, = (27¢) '(k/u)? from P L Clouser
and W Gordy Phis Rev A 1964 134 A863 F H de Leecuw R Van
Wachem and A Dymanus Symposium on Molecular Structure and
Spectroscopy Ohio 1969 Abstract RS

where u = Mp,eMyx/(Mpase + Myux) and By, By, Bux are zero-
point rotational constants of the heterodimer, the base, and the
acid HX, respectively &, 1s the restoring force per unit infinitesi-
mal extension of the intermolecular bond and 1s a measure of the
energy required for unit infinitesimal extension It 1s an import-
ant quantity here, for 1t changes by an order of magnitude
between a typical hydrogen-bonded heterodimer (eg
HCN---HCl) and a typicalion pair (e g Na*---Cl )(see Table
1) The vanation of k, along selected series [(CH )5 ,H,N, HX],
to be discussed below, provides a criterion of hydrogen-bond/
1on-paitr character

The spectroscopic quantities/phenomena that are perhaps
most revealing of the nature of [(CH;);_,H,N,HX] 1n the
vapour are the halogen and !'*N-nuclear quadrupole coupling
constants and the Stark effect The latter 1s the splitting induced
1n rotational transitions by a uniform applied electric field and
can be analysed to give the electric dipole moment of the
molecule This effect will not be used here Nuclear quadrupole
hyperfine structure in rotational transitions arises from the
coupling of a nuclear spin vector I with the rotational angular
momentum vector J through the interaction of the electric
quadrupole moment Q of the nucleus in question with the
electric field gradient at that nucleus The number of discrete
relative orientations of I and J 1s lmited to that group for
which the magnitude of the resultant I+ J= F 1s given by
{F(F + 1)h2}}, where

F=1+JI1+J-1, N I=J| ©)

Each orientation corresponds to a shightly different potential
energy of interaction of Q with the electric field gradient and

hence each rotational energy level, labelled by J, 1s split into
21+ 1 components (if J > 1), labelled by F Rotational transi-
tions exhibit a corresponding hyperfine structure, the pattern
being determined by the Fand J selection rules For a symmetric
top molecule carrying on its axis a quadrupolar nucleus X, the
associated observable spectroscopic quantity 1s the nuclear
quadrupole coupling constant y(X) This 1s linearly related to
the electric field gradient V,,= — §2V/0z? at X along the
molecular symmetry axis z by

x(X)=—eV.Q 3

where e 1s the magnitude of the protonic charge As x(X)
increases, the hyperfine splitting 1n a given transition increases
Since V,, at X arises from the particular distribution of electrons
and nucler 1n the molecule, the quadrupolar nucleus, through
equation 3, provides a probe of the electric charge distribution in
the molecule, once x(X) 1s known

Limiting values of y(X) 1n the free monomers and in molecules
chosen to model simple hydrogen-bonded and 10n-pair hetero-
dimers will be important 1n what follows Asanexample, x(35Cl)
will be considered® but similar arguments apply to !N, Br,and I
nucler and will be used later An 1solated 35CI~ 10n with the
electronic configuration [K L3s23p9] 1s spherically symmetric
and therefore V,,=0 and x(3°Cl)=0 An 1solated atom
35CI[K L3s23p5]1s generated when an electron is removed from a
3p orbital and the resulting V__ leads to x(3°Cl) = — 109 74
MHz It1s convenient to describe an 1solated hydrogen chloride
molecule through the valence-bond structures H—CIl and H*
Cl The former has a 3p! electron deficiency, like the Cl atom,
while the latter has x(35Cl)=0 The observed value!®
x(33Cl) = — 67 62 MHz for gaseous HCI can then be readily
understood through weighting the contributions of the valence
bond structures When an axially symmetric molecule, like
HCN, 1s brought up to HCI along the z-axis to form a simple
hydrogen-bonded dimer HCN---HCI (no proton transfer),
x(33Cl) changes slightly (see Table 1) because of the changed
electric field gradient at Cl due to the HCN electric charge
distribution and because of the additional zero-point motion
available to HCI 1n the dimer These contributions to y(3°Cl)
have been modelled (see Section 3 2 below)

If the heterodimer (CH;); _ ,H,NH™* :--Cl~ were an 1on parr,
1t could be viewed as arising when the appropriate methylammo-
nium 1on 1s brought up to an isolated Cl~ 1on The quantity
x(33Cl) = 0 appropriate to Cl~ 1n 1solation then increases some-
what in magnitude as a result of the distortion of the spherically
symmetric charge distribution of the anion by the cation A
suitable model for such an 10n pair 1s an alkal chloride diatomic
molecule 1n the gas phase For example, x(3°Cl) 1s only
— 5643(4) MHz1n Na*-++Cl~ (See Table 1)

3 The Heterodimer (NH,, HCI): A Case Study

The ground-state rotational spectra of the most abundant
1sotopomer (1 *NH,, H33Cl) of the ammonia—hydrogen chloride
dimer and those obtained by single 1sotopic substitution at each
different atom have been measured 1n the vapour above solid
ammonium chloride 2 ® The heated nozzle discussed above was
used 1n the pulsed-nozzle FT microwave spectrometer in this
case The set of spectroscopic constants determined from the
spectra are recorded 1n Table 2 They can be interpreted, first
qualitatively and then quantitatively, to establish the nature of
the heterodimer (NH,HCI) in the gas phase

3.1 Qualitative Interpretation of Spectroscopic Constants

The rotational spectrum of (NH;,HCI) 1s of the symmetric-top
type The only way in which HCl can be bound to NH; to
achieve this result 1s 1n a heterodimer of C,, symmetry More-
over, the only geometry of this symmetry that 1s consistent with
the observed changes 1n the rotational constant B, (which 1s
proportional to the moment of inertia 7, through B, = h/8#21})
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Table 2 Observed ground-state spectroscopic constants of isotopomers of (NH;,HCI) in ammonium chloride vapour.¢

Isotopomer B,/MHz D,;/kHz
(**NH,,H35Cl) 4243.2593(16) 12.8(2)
(*NH;,H35Cl) 4098.3113(12) 11.6(2)
(**NH,D,H35Cl)* 4033.8388(16) 11.4(2)
(*#NH,,D3*3Cl) 4228.932(1) 12.6¢

(**NH,,H*"Cl) 4168.8107(9) 12.0(1)

a From Ref. 3. * Asymmetric rotor species. Value in B, column is (B, + C,)/2.

D,/kHz x(Cl)/MHz x(**N)/MHz
371.5(8) — 47.607(9) — 3.248(14)
344.2(5) — 47.614(5) —
— — 47.481(9) —3.312(16)
— — 48.630(16) -3.27(2)
357.7(6) — 37.531(6) — 3.264(10)

« Assumed value, see Ref. 3 for justification.

is the one?® in which the nuclei lie in the order H;N---HCI. But
the position of the hydrogen-bond proton along the C, axis in
the equilibrium geometry is uncertain and each of the three
models of C;, symmetry shown in Figure 2 is consistent with the
observed rotational constants. The reason for the uncertainty in
the position of this proton lies in its proximity to the dimer centre
of mass. Then D-substitution leads to only a small change 4F in
the equilibrium moment of inertia while the change in the zero-
point motion attending this substitution tends to make A7,
smaller than AF. In any case, 415 depends on zf; and hence we
cannot tell on which side of the centre of mass the proton lies.
How then can we discriminate between the three models (ion-
pair, intermediate-type, and hydrogen-bonded) shown in Figure

2?7
8§+ 8- + —
..... o—@ }o@ @

Figure 2 Three possible structures of C;, symmetry for the (NH;. HCI)
dimer in which the nuclei lie in the order H;N+++HCI; namely, the
hydrogen-bonded form, a form with partial proton transfer, and a
form with complete proton transfer.

A qualitative distinction is immediately possible from the
magnitudes of x(3°Cl) and &, (as determined from D, by the
method outlined in Section 2.3). Table 3 lists x(33Cl) and &, for
H,N---HCI and a selection of model systems, namely the
isolated HCl molecule, a typical hydrogen-bonded dimer
HCN---HCl, and a typical ion pair Na*---Cl~. For
H,N---HCI, each of these quantities is closer to the correspond-
ing value for HCN-++HCI than that of Na* -+ Cl~. Qualitati-
vely, at least, we conclude that the simple hydrogen-bonded
model H;N---HCI is more appropriate. Are the numerical
values of x(**Cl) and k, also quantitatively consistent with this
model?

3.2 Quantitative Interpretation of x(**Cl) and k_

It can be shown that both x(3**Cl) and &, are quantitatively as
expected for the hydrogen-bonded model H;N---HCI.

Table 3 Comparison of Cl nuclear quadrupole coupling
constants x(Cl) and intermolecular stretching force
constants k, of (NH;,HCI) and various model

systems
Molecule Reason for choice x(3*C)/MHz k,/Nm™!
HCl1 Isolated component — 67.61894 —
HC!#N:--HCl Hydrogen-bond model — 53.720(2)" 9.126
(**NH;,HC)) Test — 47.607(9)° 17.6(3)¢
Nat -+ Cl- Ion-pair model —5.643(4)¢ 108.6°
Cl- Free anion 0.0 —

a Ref. 10. * See footnote a of Table . ¢ Ref. 3. ¢ See footnote ¢ of Table
1. ¢ See footnote b of Table 1.

A consideration of the k, for an extended series of hetero-
dimers B- -+ HX has revealed that the experimental values can be
reproduced by a simple empirical equation

k,=cEN @

where ¢ = 0.25 Nm~! and E and N are numerical electrophili-
cities and nucleophilicities assigned to the donor region of HX
and the acceptor region of B, respectively.!! If E for HF is
chosen as 10, equation 4 gives the set of N values for the series of
B indicated in Figure 3 by using the &, of the corresponding
B---HF. The plot of k, versus N for the series B+ -+ HF is then by
definition a straight line. When k, for the analogous series
B---HClis plotted against the same N values (also in Figure 3),
the result is also a straight line through the origin. In this case, we
note that the point for Hy;N -+ - HCl lies on the straight line. Thus,
k,for H;N---HClis well behaved and has the value expected by
extrapolation from the more weakly bound members of the
series. But it can be shown that in the series B+ -+ HF there is only
tiny HF bond lengthening on dimer!?:!* formation. Hence, it
appears that the above arguments indicate only negligible
extension of HCI and therefore no significant extent of proton
transfer in Hy;N-+<-HCl. On the other hand, while k, for
(CH;);N - HF lies on its straight line '3-'# in Figure 3, that of
(CH;);N---HCI certainly does not!® (see Section 4.2).

To show that x(35Cl) for H;N-+-HCl is quantitatively pre-
dicted by using the simple hydrogen-bonded model of the dimer,

401
(CH3)aN
® B-HF
35
NH
B B-HCl 3
304
% 251 H,0
z .
b 207 CHaCN ‘,T’
x HCN
154
HS (]
104 PH3
(60]
54 N2

2 4 6 8 10 12 % 1%
Nucleophilicity ¥ of B

Figure 3 Systematic relationship between the intermolecular stretching
force constant k, of dimers B+ HF and B+++HCl and the nucleophili-
city N of the donor region of B (see text for discussion). The N values
of B are chosen so that the &, for B+ HF lie on a straight line. The &,
for B+++HCI are then also a linear function of the N values. The
extrapolated value of k, for the hydrogen-bonded model of
(CH;)3N---HCl s indicated by the arrow.
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we must calculate the change 4 V¢ in the electric field gradient at
Cl when NH; is brought up from infinite distance to its
equilibrium position along z. We consider first the equilibrium
(vibrationless) C,, geometry. The expression for 4V is then 16

A V.Ei'] = gZC:].:P‘.' + (1 + %gZCZ].Z:)E: + %ggz],:zzf‘:zz + o (5)

Inequation 5, F,, F.., etc. are the electric field, the gradient of the
electric field, etc. due to NH, but at the position along the
symmetry axis z occupied by the Cl nucleus. (The convention V,
for an intrinsic field gradient and F_, for that external to a group
of charges is in use.) The terms g&,, g%.., etc. are the axial
components of the HCl response tensors. Thus g€ _is the electric
field gradient at CI along z induced by a unit external electric
at Clin }esponse to a unit electric field gradient along z, and so
on. These g-tensor components have been calculated ab initio for
HCI by Baker ez al.'® The values of F,, F,,, etc. have been
estimated at the appropriate distance (see Section 3.3 below)
from NH; along z by Fowler!” using a distributed multipole
analysis to represent the electric charge distribution of NH;.
Application of equation 5 then leads to a value of AVC which
corresponds to a correction Ay (35Cl) = — edVE 0 ~ 13 MHz
to the free HCI coupling constant x,(3Cl) = — 67.62 MHz.
Hence, the equilibrium Cl-nuclear quadrupole coupling constant
for the hydrogen-bonded model of HyN -+ HCl is predicted to
be x(35Cl) ~ — 55 MHz, which is close to the observed ground-
state value y(35Cl) = — 47.607(9) MHz.

Even closer agreement between the model value y(**Cl) and
the experimental value x(33Cl) is obtained when the effects of
zero-point averaging are added to the model. The value of the
Cl-nuclear quadrupole coupling constant in the zero-point state
is given according to the model by

xC3Ch) = —eQ (V@ + AVED (6)

where V) and AVS) are now the instantaneous values of the
electric field gradient at Cl along the a-axis of the dimer
appropriate to unperturbed HCl and induced by NH, respecti-
vely. The average is over the zero-point motion of Hy;N-+-HCI.
The first term in equation 6 is simply (VS =1(3cos26
— DV = (P,(cosh)) V<, where 8 is the angle between the HCI
direction and the instantaneous a-axis.The second term is much
more complicated, as can be appreciated by examining the
model for the zero-point motion of the dimer shown in Figure 4.
The distance between the subunit mass centres is assumed fixed
while the rigid subunits execute angular oscillations ¢ and 4
defined with reference to the instantaneous a-axis. Clearly, the
NH; oscillation ¢ affects F,, F,., etc., while each g-tensor term
contributing to 4VS} has an appropriate coefficient {P,(cos6)>.
In the absence of the detailed term by term corrections, it is an
acceptable approximation to assume that {4V ,,> ~ {(P,(cosb)>
AV, where AVE is the equilibrium value. A detailed discus-
sion® indicates that cos~!'{cos26)* ~ 15° is reasonable for
H;N---HCI and hence equation 6 leads to the prediction of

Figure 4 Definition of the angles ¢, 6, a, 8, and the distance r.,, used to
discuss the geometry and the interpretation of the nuclear quadrupole
coupling constants of (NH;,HCI).

x(3°Cl) ~ — 49 MHz for the simple hydrogen-bonded model of
H;N---HCI. This value is close enough to the observed ground-
state quantity to give confidence that the hydrogen-bonded
model is quantitatively capable of accounting for the experimen-
tal value of y(35Cl).

Similar arguments to those above could be made to show that
the decrease in magnitude of x,(!*N) = —4.090 MHz in free
14NH; to x(**N) = — 3.248(14) MHz in H;'¥N---HCI (see
Table 2) is also consistent with the simple hydrogen-bonded
model.? Unfortunately, however, the response tensor compo-
nents gNHs_ erc., are not available and quantitative comparison is
not yet possible.

3.3 The Geometry of H;N---HCl

The arguments in Sections 3.1 and 3.2 establish that the hetero-
dimer in ammonium chloride vapour is a simple hydrogen-
bonded molecule H;N -+ HCl of C,, symmetry. In particular, it
is unnecessary in interpreting the various spectroscopic con-
stants to invoke any significant extent of proton transfer from
HCI to NH;. These conclusions are consistent with matrix
isolation studies!® and recent ab initio calculations.!®

Having established the angular geometry H;N**-HCI, the
radial geometry is available from the B, values under the
assumption that the geometries of NH; and HCl survive dimer
formation. The model used (see Figure 4) attempts to account
for the contribution of the intermolecular bending modes to the
zero-point motion by allowing the NH; and HCI subunits to
execute the angular oscillations « and B about their respective
mass centres, the distance between which is fixed. It is readily
shown that

() = ulrknd + 35(1 + {cos?a)) + HNHs(sin%a)
+ 311 + {cos?B)) M

where 7, @, and B are defined in Figure 4 and IYHs and 15! refer
to the free monomers. In the approximation that the observed
quantity for the heterodimer I, = 4/8x2 B, can be used in place of
{Iyp», equation 7 provides a route to {r2,,>}. To a high degree of
approximation {cos2a) and {cos?B) can be taken as equal to
{cos2¢$) and {cos?8), respectively, and the last two quantities
have been established from y(*4N) and x(3*Cl), respectively. The
values of (rZ, >} for each of the symmetric-top isotopomers are
recorded in Table 4. Once {r2,>* is available, the known
geometries of NH; and HCI allow »(N---Cl) to be calculated?
and these too are given in Table 4. The modelling of x(35Cl)
discussed in Section 3.2 employed the radial geometry displayed
in Table 4.

4 Does Proton Transfer Occur in Gas-phase
Ammonium or Methylammonium Halides?

The conclusion of Section 3 is unambiguous. The lowest energy
form of the heterodimer in the vapour of the prototype ammo-
nium halide has the simple hydrogen-bonded structure
H;N---HCI. Furthermore, no evidence was found for an ion-
pair form H;NH* ---Cl~ existing at a minimum of comparable
potential energy. This raises an important question: Is it possible
to modify H;N -+ HCI chemically so that the ion-pair becomes
the more stable, and possibly the only, form? A chemist would

[ cm



158

Table 4 {r2,>% and r(N---Cl) for symmetric-top 1sotopomers

of H;N---HClI“
Isotopomer 2 MA r(N-+-Cl)/A
H;'#N---H35Cl 31654(2) 3 1364(7)
H;!SN---H35Cl1 31614(2) 3 1358(7)
H;*N---D35Cl 31367(2) 3 1410(11)
H;!*N---H3"Cl] 31673(2) 3 1363(6)

@ For a detailed discussion of the values of {cos?a) and {cos?8) used with
equation 7 to evaluate these distances, see Ref 3 The errors in {r2,>? and
r(N+++Cl) are those ansing from the assumed error of + 3° n

as = cos !{cos?a)? = 15°

attempt to answer this question by reference to the group of
ammonium and methylammonium halides in Figure 5

It 1s known that the energy required to dissociate HX into H*
and X 1n the gas phase decreases along the series X = F, Cl, Br,
I Hence, the proton 1s more likely to be transferred from HX to
(CH,);_,H,N as we move down a vertical column of Figure 5
On the other hand, the gas-phase proton affinity of ammonia 1s
increased progressively with the stepwise methylation of the
base Proton transfer might therefore be encouraged progressi-
vely along the horizontal series (CH;);_,H,N:--HCI as n
decreases from 3 to 0 The bottom right-hand corner of Figure 5
therefore favours 1on-pair structures while the top left should
lead to hydrogen-bonded dimers

H3N---HF (CH3)3;N---HF
H3N---HCl1 CH3NH;,---HCI (CH3);3N---HC1
H3N---HBr (CH3)3N---HBr
H3N--HI (CH3)3N---HI

Figure5 Series of dimers (CH;); ,H,N+--HX nvestigated by rotation-
al spectroscopy In the left-hand vertical senes, the proton affinity of
the base NH, 1s fixed while the ease of dissociation of the hydrogen
hahde increases from F to I Inthe central horizontalseries, the proton
affimty of the base increases progressively from left to nght, while in
the right-hand vertical series the proton affinity of the base 1s constant
but has 1ts maximum value

All of the heterodimers 1dentified 1n Figure 5 have been
investigated through their rotational spectra, all but one by the
pulsed-nozzie FT techmque By consideration of the spectro-
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scopic and molecular properties thereby available, especially
x(X) and k,, which featured predominantly 1n the discussion of
ammonium chloride, the question asked above can be answered
It 1s convenient first to consider the left-hand vertical series 1n
Figure 5 to test the effect of weakening the HX bond while
leaving the proton affinity of the base unchanged The horizon-
tal series (CH;); - ,H,N+--HCI (n = 3,2,0) then allows the effect
of methylation of ammonia to be investigated for a fixed HX
Finally, the right-hand vertical series 1illustrates the effect of
weakening the HX bond when the proton affinity of the base 1s
maximized

In the discussion that follows, we must bear 1n mund that
spectroscopic techniques employing supersonic jets tend to
detect only the vibrational ground-state of the lowest energy
conformer of a molecule Hence, the conclusions drawn below
pertain to the lowest temperature form of (CH;); - ,H,N---HX
We cannot rule out a higher energy minimum on the potential
surface since this would probably be depopulated in the expan-
sion As we shall see, however, there are reasons for believing
that 1n general only one stable form (either hydrogen-bonded or
10n pair) exists

4.1 The Series H;N+--HX (X = Cl, Br, I)

The ground-state rotational spectrum of each member of the
sertes H;N--+HX (X = Cl, Br, I) has been observed by the
pulsed-nozzle FT microwave method and spectroscopic con-
stants determined 3 202! Again, we focus attention on the
critical quantities y(X) and &, listed 1n Table S, as the means to
establish the nature of the lowest energy forms of the hetero-
dimers Also given in Table 5 are the corresponding quantities
for free HX, for HCN---HX (the limiting hydrogen-bond
model) and for Na* -+- X~ (the limiting 1on-pair model)

It 1s immediately evident that x(X) and &, are much closer 1n
magnitude to their respective values in HCN--+HX than 1n
Na*---X~ We note also that the ratio x(X)/xyp(X) 1s almost
constant across the series X = Cl, Br, and I, as 1s the ratio &,/
k,HB  Although a quantitative prediction of x(3*Cl) for the
hydrogen-bonded model of H;N---HCI was possible and gave
good agreement with the observed value (see Section 3 2) such
an approach 1s not possible for X = Br or I because the required
response tensor components g%, .+++are not available for HBr
and HI Nevertheless, in view of the result for H;N -+ HCl and
the constancy of the ratios x(X)/xup(X) and k /kHB 1t 1s very
likely that both H;N+++HBr and HyN -+ HI are simple hydro-
gen-bonded dimers HyN---HF has been investigated using the
molecular beam electric resonance technique 22 The D; value
leads, via equation 1, to k, = 32 8 Nm~! which compares with
the limiting values® 23 of 18 2and 176 | Nm~! for HCN---HF
and Na*--+F~, respectively Again the hydrogen-bond hmit
seems appropriate

Another quantity that indicates a ssmple hydrogen bond 1n
H;N---HX 1s the !*N nuclear quadrupole coupling constant
which has the values3 2022 y(14N) = — 3283 MHzfor X = F,

Table 5 Comparison of halogen nuclear quadrupole coupling constants x(X) and intermolecular stretching force constants , for

heterodimers H;N -+ HX with those of model systems

Molecule 35Cl 81Br 127]

x(X)/MHz k,/Nm~™? x(X)/MHz k,/Nm ! x(X)/MHz k,/Nm !
HX — 67 61894 — 444 6814 — — 1823 4¢ —
HC!*4N---HX — 53 7204 9124 356 232(9)¢ 8 1¢ - 1475 7(1y 45612
H;*#N---HX — 47 607(9)% 17 6(3)8 301 7774 13 4(3)" — 1324 891* 7 18(9)y
Nate-X~ — 5 643(4y 108 6* 48 508/ 93 7m — 262 14" 77 O
a Ref 10 *» O B Dabbouss W L Meerts F H Deleeuw and A Dymanus Chem Phys 1973 2 473 F C DeLucia P Helmmger and W Gordy Phys Rev

A 1971 3 1849 ¢ Seefootnote aof Tablel ¢ E J Campbell A C Legon and W H Flygare J Chem Phys 1983 78 3494 and Ref Il /P W Fowler
A C Legon, and S Peebles, unpublished observations ¢ Ref 3 # Ref 20 Ref 21 See footnote ¢ of Table |  * See footnote & of Table 1| ' J Cederberg
D Nitz A Kolan, T Rasmussen K Hoffman and S Tufte Sympostum on Molecular Structure and Spectroscopy Ohio 1985 Abstract MF6 ~ Calculated using

we = (2m¢) ! (k/w)? fromJ R Rusk and W Gordy Phys Rev A 1962 127 817 C E MillerandJ C Zorn J Chem Phys 1969 50 3748
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— 3.248(14) MHz for X = Cl, — 3.188(8) MHz for X = Br, and
— 3.182(8) MHz for X = I. The constancy of these values and
their small reduction in magnitude from the free NH; value
xo(**N) = — 4.090 MHz points to a similar type of interaction in
all three heterodimers involving only a weak perturbation of the
electric field gradient at '*N in NH;.

Recent ab initio calculations predict a simple hydrogen-
bonded rather than an ion-pair form for Hy;N---HCI and
H;N---HBr. Latajka er al.?* find a long shallow minimum
linking the ion-pair and hydrogen-bond forms H;NH™*---1~
and H;N---HI, both of which have similar energy. It is of
interest to note that so far only J + 1«J, K = 0 transitions have
been fitted?! in the rotational spectrum of H;N -+ HI, with the
K =1 set oddly behaved. The odd behaviour could arise from
the effect of a second minimum.

4.2 The Series (CH,);_, H,N---HCl (z = 3,2, and 0)

The experimentally determined quantities x(3Cl) and k, for
each member of the series (CH;);_,H,N+++HCI (n = 3,2,0) are
compared in Table 6.3-15-25 Also included are the corresponding
quantities for the limiting hydrogen-bonded model
HCN---HCI and the limiting ion-pair model Na*+--Cl~.

Table 6 Comparison of Cl nuclear quadrupole coupling
constants x(3*Cl) and intermolecular stretching force
constants k_ for [(CH,), - ,H,N,HCI] with those of model

systems
Molecule x(3*Cl)/MHz k,/Nm~!
HCI - 67.6189%4 —
HCN---HCI] — 53.720% 9.12¢
H;*N---HCI — 47.607(9)¢ 17.6(3)°
CH,;NH,---HCI — 37.89(1)4 —
(CH;);N---HCI —21.625(5)¢ 84(3)¢
Na*---Cl~ — 5.643(4y 108.6¢

a Ref. 10. * See footnote ¢ of Table 1. < Ref. 3. ¢ Ref. 25. ¢ Ref. 15.
/ See footnote ¢ of Table 1. ¢ See footnote & of Table 1.

The x(35Cl) values in Table 6 exhibit clearly a stepwise
decrease in magnitude as NH; is progressively methylated, with
an approximate decrement of 9 MHz per methyl group. There is
a corresponding increase in k,, although no value of this
quantity is available from the appropriate centrifugal distortion
constant of CH;NH, --- HCI because the dimer does not have
axial symmetry.25 Both trends are consistent with an increase in
the extent of proton transfer from HCI to (CH;),_,H,N as n
decreases. For n=0, (CH;);N---HCI, both x(**Cl) and &,
approach the values expected in the ion-pair limit, ie. the
Na*---Cl~ values. Indeed, k, is so large in this case that the
question of the validity of its determination from D; using
equation 1 must be keptin mind. A detailed analysis, reproduced
elsewhere,?¢ predicts values of x.(3°Cl) = —47.7 MHz and

,~20 Nm~™! for the hydrogen-bonded model
(CH;);N---HCI. The latter is four times smaller than the
observed value and was obtained by extrapolating the &, versus
Nline for B-++HClin Figure 3 to the N value for trimethylamine.
Clearly, the ion-pair description (CH;);_,H,NH*---Cl~ is
more appropriate. However, an attempt to calculate y.(35Cl) by
starting from the ion-pair model (CH;);NH* -++Cl~ and using
the charge distribution of (CH;);NH * and the response tensors
of Cl1~ ran into convergence problems.2° Hence, no quantitative
conclusion about the relative contributions of (CH;);N-+-HCI
and (CH;3);NH*---Cl~ to a valence bond description of the
molecule is yet available. Nevertheless the conclusion of this
section is clear: progressive methylation of H;N -+ HCl leads in
the limit to a heterodimer for which the simple hydrogen-bond
description alone is apparently inadequate and for which a
substantial contribution from (CH,;);NH?*:--Cl~ must be
invoked.

4.3 The Series (CH;);N---HX (X =F, Cl, Br, I)
The conclusion of Section 4.2 encourages us to examine the
series of trimethylammonium halides shown in the extreme right
hand column of Figure 5. Of the generalized heterodimers
(CH,);_,H,N---HX, the series with n = 0 is one in which the
proton affinity of the fully methylated base is maintained at the
maximum value while the proton affinity of X ~ decreases in the
order F > Cl > Br > I. Of the systems considered in this article,
the propensity to form an ion pair (CH;);-,H,NH*---X~
should therefore be greatest for n = 0 and X = I. The important
spectroscopic constants for the symmetric-top species n =0,
X = Cl, Br, and I are collected in Table 7.4-13~ 15:27 Included for
comparison are those for the limiting hydrogen-bond and ion-
pair models (HCN--*HX and Na* -+ X, respectively) and the
series H;N---HX.

We consider first and separately the dimer (CH;);N---HF as
a limiting example of a hydrogen-bonded complex where the
base is very strong but negligible proton transfer occurs. It has
been possible in this case to determine the position of the
hydrogen bond proton precisely.!® This is available from the
H,F spin-spin coupling constant DYF of (CH;);!*N---HF
which has been measured. The separation r of the H and F nuclei
in the heterodimer is related to DHF through the expression.

Dy oc {r™3){ Py(cosh)) @®)

where the constant of proportionality involves the H and F
nuclear magnetic moments and various universal constants and
the term (P,(cosf)) = $(3cos28 — 1) accounts for the angular
oscillation of the HF subunit as defined in Figure 4. In the term
{r~3), the average is over the HF stretching motion but with
respect to the changed equilibrium length in the complex.
Equation 8 therefore allows the definition r, + 8r = (r=3) 3 of
an operational HF bond length in the dimer. Clearly, the free HF
bond length ro=<{r 3>~} can be similarly defined and is
available from the known spin-spin coupling constant DYF. The
result thereby obtained!3 for 8r in (CH;);N-+-HF is 0.041(11)
A. The value of §,, = cos™ 1{cos?8>?} used to extract ro + 8r from
equation 8 is 14(1)° and is discussed in detail elsewhere.!? Even
for this very strong hydrogen-bonded system (k, = 38.6 Nm '),
we conclude that there is only a small lengthening (~ 5% of the
equilibrium value) of the HF bond when incorporated in the
dimer. This is perhaps not unexpected since the HF bond is the
most difficult to extend (k. = 966 Nm~!) of all single bonds.

The discussion of Section 4.2 has already dealt with the second
member of the series, namely (CH;);N-+-HCI. Unlike the HF
analogue, there is evidence of an appreciable extent of proton
transfer as a result of weakening the HX bond. An examination
of both the y(X) and the k, values in Table 7 reveals that a further
weakening of HX increases this effect from X = Cl through
X =Brto X =1. In fact, it is of interest to estimate crudely the
fractional extent of proton transfer brought about by the
complete methylation of H;N---HX to give (CH;);N---HX.
This can be measured by

r= x| = [xD |
T x| - | xap) |

where x(A) is the halogen nuclear quadrupole coupling constant
of the ammonium halide, x(T) refers to the trimethylammonium
halide, and x(IP) to the modelion pair Na* +++X ~. This formula
assumes no proton transfer for the ammonium halide. The
results calculated from Table 7 are f'= 0.62, 0.80, and 0.93 for
(CH;);N---HX, X = Cl, Br, and I, respectively.

The above result is confirmed when the '*N nuclear quadru-
pole coupling constants of the two series H;N---HX and
(CH;);N---HX (X =F, Cl, Br, I) recorded in Table 8 are
considered. Qualitatively, y(!#N) is effectively constant along
the H;N---HX series while its magnitude decreases by one half
along the (CH;);N---HX series. Unfortunately, x(*N) for the
trimethylammonium ion is not experimentally available but
clearly —2.45 MHz is an upper limit to this quantity if

(€)
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Table 7 Comparison of halogen nuclear quadrupole coupling constants x(X) and intermolecular stretching force constants k_ for

[(CH;);N,HX] with those of model systems¢?

Molecule 35C) s1Br 127

x(X)MHz k,/Nm ! x(X)/MHz k,/Nm ! x(X)/MHz k/Nm 1
HCN---HX — 53720 912 356 232(9) 81 — 1475 7(1) 4561(2)
H,!4N---HX — 47 607(9) 17 6(3) 301 777 13 4(3) — 1324 891(8) 7 18(9)
(CH,),'*N---HX — 21 625(5) 84 (3) 99 645(7)¢ 82(3)¢ — 341 204(14) 66 5(2)¢
Nat-X — 5 643(4) 108 6 48 508 937 - 262 14 770
« Values for HCN HX H;N HXand Nat X takenfrom Table 5 * Ref 15 Ref 4 < Ref 27

Table 8 A comparison of y(!#*N)/MHz among the ammonium
and trimethylammonium halides

H;N---HX (CH,);N---HX

Free base — 4 090¢ — 5502(3)"
X=F — 3283¢ — 4 764(3)¢

Cl — 3248(14)¢ — 3504(5Y

Br — 3 188(8)% — 2 883(7)"

I -3 182(8) —2451(8y
a« M D MarshallandJ S Muenter J Mol Spectrosc, 1971 39,94 ¢ C A
Rego R C Batten,and A C Legon J Chem Phys 1988 89 696 ¢ Ref
22 <4 Ref 14 < Ref 3 /Ref 1S ¢ Ref 20 * Ref 4 Ref
21 s Ref 27

Table 9 Comparison of the distances r(N -+ X) 1n the series
(CH;);N:--HX and H;N---HX

X H;N---HX (CH;);N---HX
rN---X)/A Model® r(N++-X)/ Model®

F 2718 HB 2 5863(6)° HB
Cl 31374 HB 2 8164(3)¢ HB
Br 3255 HB 2 96072 HB

2 9594¢ 1P
1 3 584~ HB 3 190(2) HB

3 190(3): 1P
a HB = hydrogen bond model IP = 1on pair model See text for
discussion ¢ Ref 22 < Ref 14 4 Ref 3 ¢ Ref 15 / Ref 20 ¢ Ref
4 # Calculated from data in Ref 21 Ref 27

(CH;);N++-HI 1s assumed to be wholly an 1on pair If so, and 1f
(CH,);N---HF can be taken as the hydrogen-bond limit, then
the fractional 10onic character can also be defined by

x(HB) — x(obs)
x(HB) — x(IP)

The results are 0 54,0 82, and 1 00 for (CH;);N+--HX, X = Cl,
Br, and I, respectively This approach 1s obviously crude but the
agreement with the values determined from the halogen cou-
pling constants 1s acceptable

It 1s of interest to compare the distances r(N -+ X) 1n the two
series HyN--+HX and (CH;);N--*HX There 1s, however, a
difficulty 1n applying the model of Section 3 3 and equation 7 to
(CH;);N+--HBrand (CH;);N-+-HIn which there 1s a prepon-
derant contribution of the 1on-pair valence bond structure to the
description of the heterodimer Briefly, this lies 1n the structure
of the 1on (CH,);NH*, which 1s assumed unchanged on dimer
formation An experimental geometry for free (CH;);NH™ 1s
not available and this has been modelled by taking that of
(CH,);N but with a proton added at a distance of 1 03 A from N
along the C; axis In applying equation 7, the oscillation angle
Bay = cos ™ 1{cos2B)} (see Figure 4 for definition) 1s clearly zero
for X 7, as1s I, in the 1on-pair limit Arguments given elsewhere
lead to the assumption of a,, = cos™!{cos2a)? = 10(2) for the
oscillation of the (CH;);NH™* subumt* The heterodimers
(CH;);N---HX, X = F and Cl, and all of the H;N---HX have
been analysed using the hydrogen-bond model, the detailed
assumptions about a,, and B,, 1n each case being given 1n the
relevant reference In fact the results for #(N--+X), which are
Iisted 1n Table 9, are not sensitive to which model 1s used when
the above set of assumptions 1s made, as may be seen 1n
(CH;);N---HBr and (CH;);N---HI for which the results for
both Iimits are given It 1s clear from Table 9 that there 1s a
general shortening of #(N:-+X) when NH; becomes fully
methylated

f= (10)

5 Are the Conclusions for (CH;),_ ,H,N:--HX
Consistent with Simple Energetic
Considerations?

Arguments above based on x(X), x(**N), and &, for the series

(CH;); - ,H,N---HX indicate that progressive methylation of

NH; coupled with the progressive weakening of the HX bond
with respect to the process HX = H* + X~ eventually leads to
an 1on parr 1n the gas phase whenn =0 and X = Bror I In the
series when n = 0, X = F remains a simple hydrogen-bonded
dimer while X =Cl 1s of the intermediate type The series
H;N---HX appears to exhibit no appreciable extent of proton
transfer for any X Are these conclusions consistent with stmple
energetics?

To answer this question, we shall examine the energy of the
general process

(CH;); ,H,N---HX = (CH;); ,HNH"*---X (11)

in which a proton 1s transferred from HX to the base in the
1solated hydrogen-bonded dimer to give the 1solated 1on pair
For simplicity, we shall assume that no significant change 1n the
positions of other nucler accompanies reaction 11 Is AE,,
negative for n =0, X = Br and I, and positive 1n other cases?

To find 4E,,, we note that reaction 11 can be written as the
sum of the following

(CH,), ,H,N---HX = (CH,), ,H,N + HX (12)
(CH;); ,H,N+H*=(CH;); ,H,NH" (13)
HX=H"* +X (14)

(CH,), ,H,NH* +X =(CH,); ,HNH*--X (I5)
The required energy change is then 4E,, = 213 ,,4E, Values of
the various AE, are listed 1n Table 10 and have been obtained as
follows

AE,; 15 the negative of the gas-phase proton affinity of the
base (CH,);_,H,N and values are readily available 28 4E,, 1s
given by the sum of the 1onization potential of the H atom and
the zero-point dissociation energy of HX minus the electron
affinity of X, all of which are well known AE,; 1s the electro-
static energy gained when the1ons (CH,),_,H,NH* and X ~ are
brought to the approprate distance r(N:+-X) from infinite
separation It 1s assumed 1n calculating AE, 5 that the cationic
charge 1s located on N, that the repulsive contribution 1s
neglgible, and that any additional hydrogen-bond interaction
N*—H---X 1s sufficiently independent of X to allow 1ts
neglect when comparing relative magnitudes of AE,, The
values of r(N---X) used are those given 1n Table 9 The final
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Table 10 Estimates of AE, for the reaction
(CH;); _,H,N--*HX = (CH;);_,H,NH* - X,
whenn=3and 0

X AE,/kJ mol !
1= 12¢ 1=13% 1= 14¢ =154 1=11¢

n=3

F 78 — 858 1554 — 513 261
Cl 42 — 858 1391 — 443 132
Br 32 — 858 1350 —427 97
1 17 — 858 1312 — 388 83
n=0

F 117 — 946 1554 - 537 188
Cl 55 — 946 1391 — 493 7
Br 49 — 946 1350 — 469 - 16
1 37 — 946 1312 —436 -33

See text for method of estimating A4E,, the hydrogen bond dissoctation
energy * AE,;1s the negative of the gas-phase proton affimty of the base and
values are taken from Ref 28 but are scaled to the value recommended for NH,
by C R Moylan and J I Brauman Annu Rev Phvs Chem 1983 34 187

AE, , 15 the dissociation energy for HX = H* + X It s the sum of the
1onization potential of H and the zero point dissociation energy for
HX = H + X minus the electron affimty of X Values from P W Atkins
Physical Chemistry Fourth Edition Oxford Umversity Press Oxford 1990

Coulombtc energy of the 1on pair (CHy); HNH* X when the positive
charge 1s assumed to reside on the N atom ¢ 8E,, = Z'5, AE (see text)

quantity 4E, , 1s the hydrogen-bond dissociation energy and 1s
not experimentally available Latajka et al/ '° have calculated
AE,, ab mtio for the hydrogen-bonded models HyN -+ HCl and
(CH,);N---HCI For the remainder of the dimers 1n Table 10,
AE,, has been estimated from these values by assuming that 1t 1s
proportional to k,, which 1s another measure of the strength of
the hydrogen bond There 1s some evidence to support this
assumption 2° The k, for n=0, X =Br and I (which have
significant 1on-pair character) were estimated 1n the Aydrogen
bond limit using N = 15 4 for (CH;); N from reference 13 and the
appropriate E values for HX (10,5 0,4 25,and 3 2 forX = F, Cl,
Br, and I)!! 1in equation 4 The relative errors incurred 1n this
approximate procedure are not large and 1n any case AE,,
makes the smallest contribution to AE,

Table 10 shows clearly that A4E,, for the proton transfer
process 1s large and positive for all H;N--+HX, 1n agreement
with our conclusion that all are simple hydrogen-bonded
dimers On the other hand, for the series (CH;);N---HX
(X=F, Cl, Br, I), 4E,, becomes progressively smaller and
changes 1n sign between X = Cl and X = Br This pattern 1s in
good qualitative agreement with the experimental conclusion
described above, namely that for X = F the heterodimer con-
tains a stmple hydrogen bond, X = Cl 1s of intermediate char-
acter while for X = Br and I the 10n-pair description 1s more
appropriate

6 What Happens when P Replaces N in
[(CH;)s-,H,N, HX]?

The phosphorus analogues of the ammonium and methylam-

monium halides are well known The solid phases of the

phosphonium halides consist of 10ns but 1n the vapour they are
described as bemng completely dissociated into PH; and HX
Presumably, the same 1s true of the trimethylphosphonium
halides, for example, and 1n the context of the discussion here a
question of interest s How do the heterodimers [H,P,HX] and
[(CH;),P,HX] differ from their nitrogen analogues in the
vapour phase? Several members of these two P-containing series
1n the manner described in Section 2 2 The aim was to determine
the halogen nuclear quadrupole coupling constants x(X) and the
intermolecular stretching force constants k, and use them as
criterta of the nature of the interaction The experimental
quantities are summarized in Table 11

It 1s immediately evident from Table 11 that heterodimers 1n
the vapour phase of each of the phosphonium halides are of the
simple hydrogen-bonded type H;P---HX, the order of the
nucler having been established through 1sotopic substitution
Thus, we note that the x(X) are very smmilar in sign and
magnitude to those of the corresponding ammonium halides
and the simple model dimers HCN--- HX (see Tables Sand 11)
The k_are also of the magnitude (~ 3— 10 Nm ™ !) expected fora
simple hydrogen-bonded species but are much smaller than
observed for the 1on-pair limiting cases (compare Tables 7 and
11) Indeed by assigning a nucleophilicity N =4 4 to PH;, 1t 1s
possible to use the established electrophilicities £=100, S0,
425, and 32 for HX (X =F, Cl, Br, and I, respectively) 1n
equation 4 to predict !! 33 satisfactorily the observed &, for each
H;P:---HX Table 11 also allows the conclusion, by similar
arguments, that (CH;);P:-*HX (X = Cl and Br) are of the
simple hydrogen-bonded type 5 34

The experimentally established conclusions for the P analo-
gues of the ammonium and trimethylammonium halides are
reinforced when the simple energetic arguments of Section 5 are
applied Table 12 displays 4E,, for each of the P-containing
series The value of AE,, in each case has been taken from the ab

Table 12 Estimates of A4E,, for the reaction
(CH,),_H,P--HX = (CH,);_,H,PH* - X",
whenn=3and0

X AE,/kJ mol~ 14

1=12 =13 1=14 =15 =11
n=3
F 26 - 795 1554 — 420 365
Cl 14 - 795 1391 — 358 252
Br 12 - 795 1350 — 343 224
1 8 - 795 1312 - 317 208
n=0
Fb _ _ _ _ _
Cl 25 — 948 1391 — 385¢ 83
Br 194 — 948 1350 - 370¢ 51
1 124 — 948 1312 — 347¢ 29

@ See footnotes to Table 10 for the definition of the various 4E, ¢ No
estimates of 4E,, and r(P+**F) in (CH;);P++*HF are available ¢ Calculated
from expertmental r(P--+X) 1n Refs 5and 34 < Ref 35 ¢ Calculated from
the ab wnitio r(P--+X) 1n Ref 35

Table 11 Comparison of halogen nuclear quadrupole coupling constants x(X) and intermolecular stretching force constants &,
for [PH;,HX] and [(CH;);P,HX] with those of model systems®

Molecule 35C1 81Br 127]
x(X)/MHz k,/Nm~™! x(X)MHz k,/Nm~™! x(X)/MHz k,/Nm~!
HCN---HX — 53270 912 356 232(9) 81 — 14757(1) 4561(2)
H;P---HX — 538613 59 357 521(6)¢ 4 3¢ — 1461 022(8)* 3409(2)4
(CH;);P---HX — 50 486(7)° 10 48(7)¢ 322 99(4y 8 28(4Y — —
Na*-X — 5643(4) 108 6 48 508 937 —262 14 770
Values for HCN  HX and Na® X takenfrom Table5 * A C Legonand L C Willoughby unpublished observations Ref 32 and Ref 11 ¢ Ref 33

Ref 5 Ref 34
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mitio calculations of Muller and Reinhold 3% The gas-phase
proton affinities (— 4E, ;) of PH; and (CH;),P are experimen-
tally available?® while the required AE,, values are transferred
from Table 10 Each AE, has been estimated as described 1n
Section 5 using the r(P-- - X) taken from references 5,30—35, as
appropriate It 1s clear from Table 12 that 4E,, 1s large and
positive 1n each heterodimer, thereby establishing that the
simple hydrogen-bonded structure (CH;);_,H,P--*-HX (n =0
and 3)1s favoured energetically relative to the corresponding 10n
pair (CH,),_ ,H,PH*---X~

Why sit that (CH,);P - HX are not 1on-pair heterodimers in
the gas phase while (CH;);N--*HX (X = Br and I) are, given
that the gas-phase proton affinities (— 4E, ;) of (CH;);N and
(CH,)4P are 1identical?® within experimental error? The answer
1s clear and lies 1n the relative magnitude of 4AE, s 1n the two
series Obviously, r(P---X) 1s greater than r(N -+ X) for a given
X and hence AE, 1s more negative 1n the nitrogen analogue
Since for a given X the difference in AE,, 1s small and the AE,,
are 1dentical, the predominant term 1n stabilizing the 1on-pair
form 1n the N series 1s 4E,; This 1s of sufficient magnitude to
make AE,, negative for the trimethylammonium haldes
(X = Br and I) but not 1n the case of any of the trimethylphos-
phonium halides Inshort, the large P atom ensures that AE, 5 1s
nsufficiently negative 1n the latter group

7 Conclusions
The spectroscopic constants of the series of dimers
(CH;);_,H,N---HX and theirr phosphorus analogues,
obtained from rotational spectroscopy conducted on supersoni-
cally expanded jets of appropriate gas mixtures in argon, allow
the conclusion that the species H;N--*HX and H;P+-*HX can
all be described as the simple hydrogen-bonded type, without
the need to invoke an appreciable extent of proton transfer
However, along the series (CH;);N - HX, where X = F, Cl, Br,
and I, the progressive weakening of the HX bond with respect to
the dissociation products H* and X~ favours the ion-pair
Experiment shows that for X = Br and I, the 1on-pair form 1s the
preponderant contribution to a simple valence-bond description
of the molecule Across the series (CH;); - ,H,N+--HCI, where
n= 13,2, and 0, the progressive methylation of NHj increases 1ts
gas-phase proton affinity so that the extent of proton transfer
becomes appreciable for (CH;);N---HCl The series
(CH,;),;P---HX, where X = Cland Br, appears to behave differ-
ently, with the ssmple hydrogen-bond model appropriate in both
cases This behaviour contrasts with the observations for
(CH,);N---HX, where X = Cl and Br, and the difference 1s
attributed to the decrease of Coulombic attraction 1n the gas-
phase 1on pair of the phosphorus compounds because of the
larger radius of P than N

These conclusions are broadly 1n agreement with a number of
the more recent ab wmitio calculations!® 24 35 which indicate 10n-
pair forms for (CH;);N---HX, where X = Cl, Br, and I, but
simple hydrogen-bonded structures for all other species dis-
cussed 1n this article These ab mitio calculations also tend to find
only a single minimum 1n the potential energy surface, rather
than one associated with the hydrogen-bonded form and
another associated with the 1on-pair form This 1s physically
reasonable, for the distance that the hydrogen-bond proton
needs to move to yield the 1on-pair form 1s only = 0 5A 1n most
cases This would imply a very sharp, almost singular potential
energy barrier between the two forms

So 1t 1s that the natures of the heterodimers 1n the vapour
above the various ammonium halides [(CH;); - ,H,N,HX] and
phosphonium halides [(CHj;); - ,H,P,HX] have been established
by experiment and theory Ammonium chlornde 1itself holds a
special position 1n these series as one of the archetypal donor-
acceptor systems and consequently there 1s a history associated
with attempts to characterize the interaction The author’s
speculations 1n the Introduction are by no means the first

For example, Mulliken3® alluded to 1nner complexes
H,;NH *---Ci~ and outer complexes H;N-+-HCI 1n his classic
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paper on electron donors and acceptors 1n 1952 but at that time
there had been no experimental characterization of the hetero-
dimer He returned to the theme 1n his Nobel Prize lecture3” in
1966, 1n which he devoted some time to a discussion of the then
unpublished but later famous early ab mtio calculations by
Clement1 38 4% These calculations were the first to provide a
detailed description of the charge redistribution that occurs 1n
the process of proton transfer and, although 1t now appears that
they found an equilibrium geometry with too much 1on-pair
character for the (NH;,HCI) system, Mulliken’s comments3° on
them are worth quoting, for presumably they are approprate to
casessuchas (CH;);N---HX (X = Cl,BrandI) *“ Clement:’s
calculations show a gradual transfer of charge from the NH, to
the Cl atom, accompanied by some stretching of the H—Cl
distance, until at equilibrium a structure approaching that of an
NH;CI~ 10n pair, but with considerable polarization of the Cl~
(H-bonding of NHJ to Cl ™) 1s attained The NH; + HCl system
1s thus apparently an example of 10n-pair formation rather than
ordinary loose hydrogen bonding, however, the changes in
charge distribution during the early stages of approach of the
HCland NH; should probably be similar to those in ordinary H-
bonding and thus instructive for the latter

Clementr’s calculations and Mulliken’s comments stimulated
new experimental attempts to characterize the heterodimer 1n
ammontum chloride vapour (through mass spectrometry*! and
electron diffraction*?) These were followed by larger and more
refined ab initio calculations Raffenett and Phillips,*® Latajka
etal ,'° and Breiz et al 4, for example, showed conclusively that
the equilibrium form of the dimer 1s Hy;N - - - HCI with no second
minimum corresponding to H;NH™*---Cl , 1n agreement with
the experimental result discussed above

Finally, the infrared spectroscopy of the complexes
(CH;);_,H,N---HXsolated 1n argon matrices at low tempera-
ture!8 45 46 has identified N+++ H- -+ X antisymmetric stretching
modes and allowed the existence of 1on pairs
(CH;);-,H,NH*---X~ to be postulated 1n the cases X = ClI
and Br NMR spectroscopy of (CH;);N-**Br 1n the gas phase
also indicates that this species should be classified as an 1on
pair 47
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