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The theory of the coupling between anharmonic »(XH) and »(XH..Y) modes of a
hydrogen-bonded complex developed in part II is extended so as to make explicit
allowance for the effect of varying hydrogen bond length on the electron distribution
of the XH molecule. Sufficient experimental data are available on the temperature
dependence of the infrared spectrum of Me,O . HCI to enable the form of the potential
energy surface to be deduced. The effective potential curves governing the hydrogen
bond vibration in the ground and first excited state of the »(XH) vibration are con-
structed. Itis found that the Me,O . HCl complex is 14 pm shorter in the upper state than
in the lower, which has important consequences for the structure of the vibration—
rotation bands associated with vibrational Franck—Condon transitions. The shortening
is much less pronounced in Me,O.DCI.

The theory provides strong support for the interpretation of the broad »(XH)
bands of hydrogen bonded species in terms of »(XH) + nv(XH. .Y) combination bands,
and demonstrates the close connection between the infrared spectroscopic anomalies
and the Ubbelohde effect.
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26 G.N. ROBERTSON

1. INTRODUCTION
In the two previous papers in this series (Coulson & Robertson 1974 and 1975, henceforth re-
ferred to as I and II) a theoretical basis was established for evaluating the contributions of vibra-
tional predissociation and of combination band formation to the broadening of the infrared
spectrum of a hydrogen-bonded species X—H. .Y in the vapour phase. Numerical calculations
for a linear triatomic model of the Me,O.HCI system showed that predissociation broadening
is extremely unlikely to be observable, but that a kinematic coupling mechanism exists which
necessarily leads to discernible combination band intensities. However, the experimental
phenomena are more pronounced than those calculated in IT, and this suggests that an additional
coupling mechanism may be operative.
In both these papers a very simple model potential energy surface was used, namely

V(r,R) =V, (r) +V; (R), (1.1.1)

where ¥ (r)is either a harmonic or an anharmonic oscillator potential in the XH bond length r
and V; (R) is a Morse function in the H. .Y bond length R. This assumes tacitly that the XH inter-
action is unaffected by hydrogen bond formation and is independent of hydrogen bond length.

It is, however, well known that with decreasing hydrogen bond length there is a progressive
shift of the »(XH) absorption towards lower frequencies (Sheppard 1959), and this suggests
strongly that a more accurate representation of the potential energy surface would allow for a
reduction in the curvature of V(r, R), considered as a function of 7, as R is decreased. This can be
accomplished formally by writing

V(r,R) =V, (r) +V; (R) +V, (r, R), (1.1.2)

where V; (r) and ¥, (R) are as before, V; (r, ) vanishes, and 02/0r2V, (r, R) is negative near the
hydrogen bond equilibrium position (r,, R,). The addition of the term V; (r, R) will further couple
the two stretching modes as well as leading to a downward shift in the »(XH) absorption fre-
quency. Since the term reflects the change in the electron distribution in the XH molecule
associated with hydrogen bond formation, it seems natural to refer to its effect on the vibrational
dynamics as an electronic coupling mechanism.

Little information is available about the nature of the term V;(r, R), and it is necessary to
assume a particular functional form. For analytical convenience V;(r, R) will be taken as the
product of ¥ (r) and a modulating factor which depends on the hydrogen bond length and on
two fixed parameters.t This choice enables effective potential curves governing the »(XH..Y)
vibration in the ground and first excited state of the »(XH) vibration to be derived by a straight-
forward extension of the method of I1. The intensities of the transitions |0, zyy— |1, 7,y can then
be calculated in terms of vibrational Franck-Condon factors and Boltzmann factors in essen-
tially the same way as before.

Inclusion of the term V; (r, R) allows a much better reconstruction of the infrared spectrum of
Me,O.HCI to be effected. Although one of the parameters characterizing the potential energy
surface cannot be derived directly from experimental data, the temperature dependence of the
reconstructed spectrum is found to be sensitive to variations in this parameter. A good deal of
experimental information on the temperature dependence of the spectrum of Me,O.HCI is
available (Lassegues & Huong 1972; Bertie & Falk 1973). By choosing the undetermined

1 This is very similar to the coupling term used by Witkowski & Y. Maréchal (1968).
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parameter so as best to reproduce this temperature dependence it is possible to obtain fairly
reliable information about the potential energy surface near its global minimum. However,
it has to be assumed that electrical anharmonicity does not contribute to the intensities of
Franck-Condon transitions.

An important feature of the more realistic potential energy surface is that it predicts both
effective potential curves for thev(XH. .Y) vibration to be displaced towards smallervalues of the
coordinate, in contrast to the results of I1. The displacement is much greater for the upper than
for the lower curve, and in each case it is reduced by deuterium substitution. It follows that the
hydrogen bond in Me,O.HCI is considerably shorter in the first excited »(XH) state than in the
ground state, and that it is somewhat shorter in the protium than in the deuterium species.

This has three main consequences. First, it implies that the widths of |1, n,) levels calculated in
I are rather too small. Secondly, it means that the moment of inertia of the complex will be
appreciably smaller in the first excited »(XH) vibrational state than in the ground state, which
will result in every |0, #,)— |1, n,) transition having an anomalous rotational fine structure,
similar to that observed in the CH,CN . HCl spectrum by Thomas & Thompson (1970). Finally,
the reduction in the separation between the minima of the curves produced by deuterium substi-
tution will affect both the vibrational Franck-Condon factors and the rotational fine structure of
the spectrum. This is closely connected with the normal Ubbelohde effect in solids, i.e. with the
lattice expansion of a hydrogen-bonded crystal on deuteration (Ubbelohde 1939).

The main purpose of this paper is to show that many of the observed features of the spectrum
of Me,O.HCI in the vapour phase can be understood in terms of the anharmonic coupling
between »(XH) and »(XH. .Y) stretching modes and the consequent vibration-rotation inter-
action. Other effects which may influence the observed spectrum include electrical anharmoni-
city and the excitation of combinations involving hydrogen bond bending modes. Although it is
impossible at this stage to judge whether the former is of practical importance, it seems likely that
the latter plays a significant réle.

2. THEORY OF COMBINATION BAND FORMATION

2.1. The model potential energy surface

The analysis of §2 of IT needs only minor modification in order to accommodate a potential
energy surface of form (1.1.2). It is again convenient to use a Jacobi coordinate system in which
the hydrogen bond length R is eliminated in favour of a coordinate s defined by

s =1vyr+R, (2.1.1)
where Y = mx[(mg +myg). (2.1.2)

This enables the centre-of-mass motion to be separated off immediately, while diagonalizing the
kinetic energy matrix in the internal coordinates r and 5. The model potential energy surface will
be chosen as

Vir,s) =V, (r) + Vo (R) +V;(r,s), (2.1.3)
where Vi (r) = Dy (1 — e Ffr—r0)2 ' (2.1.4)
V3 (R) = D, (—2e~*R—Ry) | e—2a(R—Ryp) (2.1.5)
and Vs (rys) = (c,67%) ¢y e~ 22—V (1), (2.1.6)

4-2
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28 G.N. ROBERTSON

Vi (r) and ¥, (R) are as used in II, and the dissociation energies and Morse exponents can be
determined from experimental data in the same way as before. The form of the term V, (r, s5) is
chosen primarily for analytical convenience. The main advantage of this choice is that it allows
very simple expressions to be obtained for the potential energy curves describing the »(XH..Y)
motion, irrespective of the values of the two parameters ¢, and ¢,, while affording considerable
flexibility. If the sum of ¢, and ¢, is negative, the second derivative 02/0r% V, (7, s) will be smaller
near the global minimum (7, 5,) of the potential energy surface than at (r,, o), and this makes
provision for the effect on the »(XH) vibration of variations in hydrogen bond length, i.e. for the
electronic coupling effect. A kinematic coupling mechanism is also operative, as before, owing to
the dependence of I, (R) on r when the internal coordinate s of (2.1.1) is used.
The hamiltonian governing the vibrational motion becomes

2 2 2 2
ﬁ = — _.;.i_ i — i 9_ _|_D] (1 +6 e—s—sg) 4 o C—Za(s—s,,)) (1 — C~/}(r~ro))2

+ D2 [ — Qe Hs—sg—r(r—ro)) 1 e—2u(s-—so—y(r—ro))] s (2. 1 .7)

the reduced masses being given by
wit = mx* +mgt (2.1.8)

and Mat = (mx +my) +myl. (2.1.9)

By appeal to the adiabatic separability of the two vibrational modes, an approximate solution to
the Schrédinger equation

AY(r,5) = E¥(r,5) (2.1.10)

may be sought in the form
IFm,n(rvs‘) = Xm (7’) gm,n(s)> (2'1'11)
where (Bt Vs (r) + V3 (7,50} X (r) = € om (1): (2.1.12)

The functions g, ,, (5) and g, ,, (5) describe the nth bound state of the »(XH. .Y) vibration in the
ground and first excited state of the »(XH) motion. After substituting (2.1.11) in (2.1.7), pre-
multiplying by x,, (r), and integrating over 7, it is found that the g, ,, (s) satisfy

[~ 2t {om B [ Am OV =) 47 19) Vi 150 1 ) g () = 0

(2.1.13)
It is convenient to define
2 oo}
U (6) = 252 [ "t () 04 (6= 97) 4 V2 )]t (1) (2.1.14)
and Ae, = —jw Xm (1) Vs (7, 8) Xm (r) dr, (2.1.15)
0
whereupon (2.1.13) can be written
d* 2ty - ] -
I:a's—z'— Umm (5) - 72 <6m+A€m Em, n) gm,n (J‘) = 0. (2'1‘16)

Comparison with equations (2.1.8), (2.1.12) and (2.1.13) of IT shows that the effect of the
additional coupling term V;(r,s) is to change the definition of the effective potential curve
U,.m (5) which governs the hydrogen bond vibration in the mth state of the »(XH) vibration, to
change the definition of ¢,,, and to produce a further level shift Ae,,.
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From (2.1.5) and (2.1.6) it follows that

Unim (5) = 2‘“ 2 20, €0 + b, =255}, (2.1.17)
where f Xm (7) {e“W‘To) ab (1 e~hr=79) 2} Xm () dr (2.1.18)
and f X (r {CZDL'J’(T—TQ) 421 2 Dl (1 "ﬂ(rv-?‘o)) 2} Xm (r) dr. (2. 1 . 1 9)

The purpose of the somewhat artificial choice of Vs (r, R) is now clear: with this form of function
the effective potential curves U, (s) and Uy, (s) governing the »(XH..Y) vibration remain
Morse functions, but have shifted minima and altered depths. These are given by

Smm = So + o tIn (bmm/amm)’ (2'1'20)

and Dy = Dy (62,0]bim) » (2.1.21)
As is seen from (2.1.18) and (2.1.19), both the kinematic and the electronic coupling mechan-
isms affect the values of the coefficients 4,,,, and b,,,, in terms of which the displacement along'the

abscissa, the curvature near the minimum, and the overall depth of the potential functions Uy, (s)
and Uy, (s) are determined.

2.2. The v(XH..Y) vibrational wave functions

Apart from the differences in the definition of the 4, and b,,,, equation (2.1.17) above is
identical with (2.2.21) of I1, and the analysis of §§2.2 and 2.3 of that paper can now be used with
very little modification. By defining

z=exp(—a(s—sp)) (2.2.1)
7 = (205 D)}k (2.2.2)
and I = mmm/b;}nm, (2.2.3)

it is possible to transform (2.1.16) into the standard form of Whittaker’s confluent hypergeo-
metric equation (Whittaker & Watson 1927). It can hence be shown that the eigenfunctions for
the v(XH. .Y) vibration are given by

Gn (8) = Ny 27M, o 3 (270}, 2), (2.2.4)

where M denotes the Whittaker function which is regular at the origin, and N,,,, is a normalizing
constant. The energies of |m, ) states are given by

Em,n = 6m-l-ngm_'DZ (qm___n__%)2/7-2. (2'2'5)

The Franck-Condon factor governing the intensity of |0, nyy — |1, 7,) transitions is the square of
the overlap integral ¢, ,,, where

o = [ €1m(5) G0y (605
= Ny, o Ny 01 fo dzz-2M, , 3 (210h2) My o oy (2r0h2).  (2.2.6)

An explicit expression for this overlap integral in terms of the parameters ¢, @,,,, and b,,, is
given in II.
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30 G.N. ROBERTSON

The relative strengths of vibrational transitions are given by

Io,noa],nl = lcnonl |2exp(—'E0,no/kT) (2'2°7)
and the term values by
AE 1
e = 7o lBum—Eo gl (2.2.8)

where

E, n ~Ey py = (61 + A6y — €y — Aey) = (Dyf7%) (g1 =11 — %)% — (o — 1 — 3)?). (2.2.9)

This last equation suggests a grouping of the vibrational terms into sub-bands corresponding to
ny = ng, 1y = 1y + 1, etc. in exactly the same way as before. The only difference between this
expression and that previously obtained lies in the definition of the parameters ¢, and ¢;, which
characterize the well depth and anharmonicity, and in the definition of the energies ¢, and ¢,
which are now corrected for the effect of hydrogen bond formation on the »(XH) force constant.

2.3. The v(XH) vibrational wavefunctions

It is now necessary to find the eigenvalues ¢,, and eigenfunctions y,, (r) of (2.1.12) so that the
parameters a,,,, and b,,,, of (2.1.18) and (2.1.19) can be evaluated. From (2.1.4) and (2.1.6) it
follows that

V() +T5(r,80) = (146, +6) T (7). (2.3.1)
It will be convenient to write
D, =D, (14¢,+¢,), (2.3.2)
in terms of which equation (2.1.12) becomes
fi2 d2y,, (1)
_ X — e—Br-1)2 =
o T Dy (1= P (1) = o (1) (2.3.3)

In other words, the potential governing the »(XH) vibration of the hydrogen-bonded species
near its equilibrium X. .Y separation is being taken as a Morse function which has the same ex-
ponent as the Morse function appropriate for the free XH molecule, but which has its dissociation
energy parameter, and hence — more importantly — its second derivative at the minimum, re-
duced in the ratio (1 +¢; +¢,). The eigenfunctions of (2.8.3) may be found by a trivial modifica-
tion of the analysis of I1, and are given by

Xm (7’) = g—%Nm Mﬁ,ﬁ—m—% (g), (2.3.4)
where E = (2u, D))}/ ph, (2.3.5)
{ = 2kexp (=f(r—ry)), (2.3.6)

and M z_,—3 (§) is a confluent hypergeometric function (Whittaker & Watson 1927). The corre-

sponding energy eigenvalues are
6n = (m+}) (2k—m—14) Dy[R2. (2.3.7)

The evaluation of the level shifts A¢,, of (2.1.15) and the parameters a,,, and &,,, of (2.1.18) and
(2.1.19) is outlined in appendix A. The results are
Aey = — (1 +¢3) D,/ 2F, (2.3.8)
Aey = —3(c; +¢5) DyJ2k, (2.3.9)
gy = (2B)1I"(2F — 1 —9)[T'(2k — 1) — ¢, D,/4kD,, (2.8.10)
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boo = (2k)211(2k —1—29) [T (2k — 1) +¢, D,/2kD,, (2.3.11)
2 ~ ~ ~
ay, = (2k)7 (1 +7§71-;ﬂé) I(2k—3—9)|I'(2k —3) — 3¢, D,/4kD, (2.3.12)
2
and by, = (2k)2 (1 + 2;7/; 4;7 ) I(2k—3—29)[I"(2k — 3) + 3¢, D, [2kD,, (2.3.13)
where 7 = ay[p. (2.3.14)

3. RECONSTRUCTION OF THE SPECTRUM
3.1. Deducing the nature of the potential energy surface of Me,O . HCI

In order to apply these results it is necessary to specify the three atomic masses mx, mg and my,
the Morse function parameters D, and f characterizing ¥, (r) and D,and « characterizing ¥, (R),
and the additional parameters ¢, and ¢, introduced in V; (7, 5). D; and g are easily found in terms of
the »(XH) stretching frequency and the anharmonicity constant of the free XH molecule;
details are given in II. D, is known from experiment in certain cases, including those of the
Me,O.HCI (Seel 1966) and Me,O . HF species (Thomas 1971 4). The determination of «, ¢, and
¢, is rather more complicated.

In the case of Me,O .HCI and certain other similar species two further spectroscopic data are
available: the frequency of the central peak of the spectrum and the frequency of the hydrogen
bond vibration. From (2.2.5) it follows that in the ground state of the »(XH) vibration the
v(HX..Y) vibrational levels are given by

E, , = (n+%) (2Dyqo[7%) — (n+%)%(D,/[72) + const.; (3.1.1)

ignoring the anharmonicity correction one can identify the vibrational frequency with 2D, g,/72.
From (2.2.2) and (2.2.3) this is equal to ah(2D,/ps)} (ago/bk). The ratio ag/by, depends in a
complicated way on all the energy surface parameters, but is necessarily of the order of unity.
Knowledge of the »(XH. .Y) frequency thus enables a rough estimate of a to be obtained.

From (2.2.9) and (2.8.7) the term value of a particular |0, #y) - |1, #,) transition is related to
€; —€,, and hence to (1 +¢, +¢,)%; however, the correction terms in (2.2.9) depend on the a,,,
and b,,,, which involve all six energy surface parameters. The experimental data thus impose
two constraints on the three unknown parameters, so that only one quantity is indeterminate. If
¢, 1s specified, the values of ¢, and « can in principle be deduced by solving the pair of non-linear
simultaneous equations

E1, nl_EO,no = (€1+Aey—€g—Agy) — (Dyf1?) ((q1—11—3)2— (go—19—%)?) (3.1.2)
and Ey pi1 —Ey, = 2Dy (g9 —n—1)[72 (8.1.3)

Since prior estimates of « and ¢, are available there is no difficulty about solving these equations
iteratively: a method due to Powell (1968) has proved very satisfactory in practice. Thus it is
possible to explore various forms of the potential energy surface by specifying ¢,, finding the
values of ¢, and a which satisfy the constraints imposed by the experimental data, and obtaining
the values of the a,,, and b,,,, which characterize the effective potential curves Uy, (s) and U, (s)
for the »(XH. .Y) vibration. The term values and intensities of all |0, nyy = |1, n,) transitions can
then be calculated from (2.2.7) and (2.2.9) in much the same way asin II.
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In order to study the temperature dependence of the reconstructed spectrum it is convenient
to group all transitions into sub-bands according to the value of #; —n, = An, and to sum the
intensities of all transitions within each sub-band. The ratios of these calculated sub-band
intensities can then be studied as a function of temperature for any particular choice of the
parameter ¢;.

Results for the Me,O . HCl system are presented graphically in figure 1. The input parameters
used are myx = 35.5u, my = 1.0u, my = 46.1u, D, = 42950 cm™!, £ = 1.738x 10® cm~1, and
D, = 2750 cm~1, The values of D, and f are chosen to reproduce the known frequency and anhar-
monicity constant E; = 2989 cm—'and #E; = 52.1 cm~ of free HCI (Herzberg 1950); D, is based
on the work of Seel (1966). The term value of the |0, 0) - |1, 1) transition is taken as 2570 cm~, in
accordance with the assignment of Lasségues & Huong (1972) and Bertie & Falk (1973), and
that of the |0, 0)— |0, 1) transition is taken as 100 cm™, a value deduced from the spacing of the

o (a)
1t X X x
X X
L
1
o o 0 o ® ® ] P

e
0 . . . . . .
§ 200 240 280 320 360
<
,S§2 -
Kea}
< (b)
1 X
X
X x x B
X X X
1
+
+.
+
+ * 4
+
; ® o o v} U} b} q"
7
200 240 280 320 360

temperature, T/K

Ficure 1. For description see opposite.
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incompletely resolved structure in the spectrum.t The calculated intensities of the sub-bands
An = 1, — 0, and 2 responsible for the structure observed at 2360, 2470 and 2660 cm—2, relative
to the intensity of the main Az = 1 sub-band centred at 2570 cm—1, are plotted as a function of
temperature between 220 and 360 K for values of ¢; between 0.05 and 0.20. The experimental
intensity ratios of Lasségues & Huong (1972) are given for comparison in each case. It appears

_— - c)
L - ti]\\\\/\} 1 |
—
<
P
OH
m +
e L
= O
=w
2]
5z
=0
L= L
-9
o9y o |
RZLO -8
[o}4 g 0 . . . . . . ,
=< 8 200 240 280 320 360
= g
o= 3 , , , ,
2
c (d)
1 L
® [u) o [0}
\ ) o ® °
g\ H
<1 ///
j —
= ol
@) : 200 240 280 320 360
=~ - temperature, T/K
= O Ficure 1. Comparison of observed and calculated absorbance ratios 4,[4,57 as a function of temperature for
am @, different values of the coupling parameter ¢;. Calculated values of the ratios Agggo/Aas70y A2a70/A2570 and
=w Agsg0/Azan are denoted by +, X, and © respectlvely The best stralght lines fitted through the experimental

data pomts of Lasségues & Huong are given for comparison in each case. In figure 1a, ¢; = 0.05, ¢, =
—0.302; in figure 14, ¢; = 0.10, ¢, = —0.342; in figure 1¢, ¢; = 0.15, ¢, = —0.382; and in figure 1d,
¢, = 0.20, ¢, = —0.420.

+ This is the value originally suggested by Bertie & Millen (1965). The values obtained by far infrared spectro-
scopy are in the region of 120 cm~! (Belozerskaya & Shchepkin 1966; Lasségues & Huong 1972; Bertie & Falk
1973). The position of the maximum of a broad band in the far infrared does not give a reliable indication of the
vibration frequency unless a correction is made for various frequency-dependent factors in the theoretical intensity
expression, and it is possible that this is the origin of the discrepancy.
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34 G.N. ROBERTSON

that reasonably satisfactory agreement is obtained with ¢; equal to 0.15, to which values of
—0.38 for ¢, and 1.03 x 108 cm~ for « are found to correspond.

It has not been found possible to obtain even a qualitatively correct account of the temperature
dependence of the intensity ratios on the basis of the original assignment of Bertie & Millen
(1965), which identified the peak at 2570 cm~! with the |0, 0)— |1, 0) transition. The present
results thus strongly support the new assignment of Lass¢gues & Huong (1972) and Bertie &
Falk (1973), and confirm the theoretical calculations of E. Maréchal & Bouteiller (1974), which
were based on a somewhat simpler model.

It is difficult to judge how accurately these three parameters are determined; however, the
errors to which ¢; and ¢, are subject can hardly be less than 20 9,. Although the calculated Morse
exponent a is not particularly sensitive to the choice of ¢;, it does depend directly on the experi-
mental value of the »(XH..Y) frequency, about which there is some ambiguity owing to the
discrepancies between the values derived from near and far infrared experimental work; and it

120000 : : -
100000+ (a)
60000t
20000t
7
ji 0
g
5 —200005 0.1 0.2 03 0.4
£
g 120000 :
=
£ 100000} (2)
° |
Q,
60000}
20000}
0
—20000 7"z 03 04

XH separation, r[nm

F1cure 2. For description see opposite.
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Ficure 2. The effect of varying hydrogen bond length X..Y on the potential for the »(XH) motion. In figure
2a,X..Y = 0.35nm; in figure 25, X..Y = 0.33 nm; in figure 2¢, X. .Y = 0.31 nm, the equilibrium value;
and in figure 24, X..Y = 0.29 nm. The Morse function which best represents the interatomic potential of

Y B \

> free HCl is given in each case for comparison.

S

olm also depends directly on D,, which is not very accurately known. Furthermore, the tacit assump-
(= ﬁ tion that the peak absorbance ratios measured by Lassegues & Huong can be identified with
= O the integrated intensity ratios of resolved vibrational sub-bands is open to serious objection, and
LT O leads to further uncertainties.

= uw

Despite these reservations about the accuracy of the numerical parameters obtained, it seems
reasonable to believe that the potential energy surface for Me,O.HCI is fairly well represented
by a function of form (2.1.3) with the following parameters:

D, = 42950cm™1, £ =1.738x108cm™, D, = 2750cm™1,
o« =103x100cm™, ¢ =0.15, and ¢, = —0.38.

The remainder of the paper explores the consequences of this in detail.
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36 G.N.ROBERTSON

It should be noted, however, that this representation of the potential energy surface cannot be
accurate when the separation between the X and Y atoms is small. In particular, for any fixed
value of s the function V] (r) +V;(r,s) will not have a minimum at 7 = 7, unless

1+¢, e™5=%) 4 ¢y e~226-%) > 0,

If ¢, is negative, this condition will be violated for small s, and with the above parameter values it
follows that the model potential energy surface has quite the wrong geometrical properties
unless s—s, exceeds —0.06 nm. Only relatively highly excited states of the »(XH..Y) motion,
with v = 15 or more, have such large vibrational amplitudes, however, and the deficiencies of the
representation ought not to have too pronounced an effect on calculations involving low-lying
excited states,

The form of the potential function V(r, s) of (2.1.3) for various fixed values of the X. . Y separa-
tion is illustrated in figure 2, which is drawn accurately to scale. As the X.. . Y distance is reduced,
the curvature of the function at the minimum decreases, though the function also becomes more
steeply repulsive as r increases owing to the effect of ¥, (R). The curves become progressively
less accurate as the X. .Y separation is reduced below its equilibrium value 7, + R, and eventually
the representation breaks down completely as the curvature at the minimum approaches zero.
The form of V(r,s) is not accurate enough to reflect the well-known increase in the equilibrium
X-H separation which accompanies hydrogen bond formation (Sheppard 1959).

3.2. The effective potential curves Uy, (s) and Uy (s)

Thus far the argument has been concerned entirely with the total intensities of vibrational
sub-bands. Owing to the differences in the anharmonicities of the potential curves U, (s) and
Uy, (s) the various transitions in each of these sub-bands will not coincide, and the question arises
whether this is sufficient to explain the formation of a continuous broad spectrum with a peak
and shoulder structure.

Detailed results for the Me,O.HCl system at 300 K are presented in table 1. These have been
normalized so that the intensity of the strongest sub-band at 2570 cm~ is unity. It is seen that the
positions of the centres of the component sub-bands are well separated, owing to the rather close
spacing of terms within each.

It is instructive to compare these results with those of table 1 of I1, in which only the kinematic
coupling mechanism was considered. The Franck-Condon factors for |0,2)— |1,7 + 1) transi-
tions are now much larger, which is indicative of an increase in the separation |s;; —so0| between
the minima of U, (s) and Uy, (s); and the term value of the |0, 0) — |1, 0) transition is now 2462
cm~L, as opposed to 2930 cm~'in IT and to 2885 cm~ for the » = 0 to v = 1 transition in free HCI,
which shows that the effective potential U, (s) is now appreciably deeper than U, (s) instead of
being slightly shallower.

The parameters which characterize the effective potentials for Me,O.HCI are given in
table 2; those of II are also presented for comparison. The most striking feature concerns the
positions of the minima of U,,, (s). The kinematic coupling effect treated in IT tends to displace
both minima towards greater values of the coordinate, this being more pronounced for the upper
curve than for the lower. When allowance is made in addition for the electronic coupling effect
the minima are both displaced towards smaller values of the coordinate. The electronic coupling
thus acts in the opposite sense to the kinematic coupling effect and completely outweighs it, both
as regards the depth of the wells and the positions of the minima. Making proper allowance for
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TaBLE 1. CALCULATED VIBRATIONAL TERM VALUES AND INTENSITIES FOR Me,O.HCI AT 300 K

Franck-
term value Condon sub-band
transition cm™t factor intensity intensity

0,1) —>|1,0) 2362.3 0.297 0.230
0,2) >|1,1) 2371.7 0.236 0.114
0,3) >|1,2) 2381.0 0.111 0.034
0,4) 5|1, 3) 2390.3 0.027 0.005

P 0,5) —>|1, 4) 2399.6 0.000 0.000 0.39
T’ 0, 6) |1, 5) 2408.9 0.013 0.001
~~ 0,7 —|1, 6) 2418.2 0.043 0.002
> 0, 8) —|1,7) 2427.5 0.071 0.002
§ S 0,9) |1, 8) 2436.8 0.076 0.002
olm 0,0) —|1,0) 2462.4 0.534 0.665
=z M 0,1) —|1, 1) 2469.9 0.076 0.059
— 0,2) |1, 2) 2477.5 0.001 0.001
=0 0,3) |1, 3) 2485.0 0.053 0.016

i) 0,4) —>|1, 4) 2492.6 0.116 0.023 0.80
= w 0,5) >|1, 5) 2500.1 0.149 0.019
o 0,6) —|1, 6) 2507.7 0.147 0.012
<z 0,7y >|1,7) 2515.2 0.120 0.006
Yo 0, 8) |1, 8) 2522.8 0.084 0.003
EB ! 0,0) |1, 1) 2569.9 0.370 0.461
g< 5 0,1y >[1,2) 2575.7 0.405 0.314
o 0,2) |1, 3) 2581.5 0.308 0.154
= 0,3) >|1,4) 2587.3 0.185 0.060

T 0,4) —>|1, 5) 2593.1 0.085 0.018 1.00
el 0, 5y |1, 6) 2598.8 0.024 0.003
0,6) |1, 7) 2604.6 0.001 0.000
0,7y |1, 8) 2610.4 0.006 0.000
0,8) ->|1,9) 2616.2 0.040 0.002
0,0) ->|1,2) 2675.7 0.087 0.108
0,1y —[1, 3) 2679.7 0.192 0.149
0,2) >|1,4) 2683.8 0.280 0.135
0,3) —>|1, 5) 2687.8 0.336 0.102

0,4y |1, 6) 2691.8 0.358 0.069 0.65
0,5y —|1, 7) 2695.8 0.350 0.043
0, 8) |1, 8) 2699.9 0.319 0.026
0,7y ~>|1,9) 2703.9 0.270 0.014
0, 8) |1, 10) 2707.9 0.007 0.000

FA \

Y B \

’_J TABLE 2. THE PARAMETERS CHARACTERIZING THE EFFECTIVE POTENTIALS FOR Me,O.HCI
< both coupling

> s mechanisms kinematic
O : parameter included coupling alone
Cﬁ —_ T 55.9 55.9

= Q a0 0.998 1.019
O boo 0.932 1.044

~ ay 0.996 1.058
o by 0.805 1.138
<z 90 57.8 55.7

Yo @ 62.0 55.4

E = (00— %o) /[pm. —6.6 +2.3

o) 2 6 ($11— %) [pm —20.6 +17.1

D Dgofcmt 2940 2730

Q E Dy Jem-1 3383 2701

=

o=
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38 G.N. ROBERTSON

the electronic coupling effect thus leads to a description where the hydrogen bond is stronger and
shorter in the first »(XH) excited state than in the ground state,f in complete agreement
with the intuitive argument of Sheppard (1959). This is illustrated in figure 3.

The predicted shortening of the hydrogen bond is very pronounced, and this has two major
consequences. First, the question of vibrational predissociation treated in I needs re-examination,
since the potential curves Uy, (s) and Uy, (s) are now found to intersect. This is discussed in § 5
below. Secondly, the moment of inertia of the complex is appreciably smaller in the upper
»(XH) state than in the lower, and this affects the rotational structure associated with each
|0, nyy—>|1,n,) transition.

10000 T T T T T . T

8000t

4000t

potential energy, V(s)/cm™1

—4000, 02 04 06 0.8

hydrogen bond stretching coordinate, s/nm

Ficure 3. The predicted effective potentials Uy, (s) and Uy, (s) for the v(XH. .Y) motion. It should be noted that
the upper curve is deeper than the lower and has its minimum at a smaller value of the coordinate, and that
the two curves intersect.

3.3 The vibration—rotation interaction

In order to explore qualitatively the effect of vibration-rotation coupling on the spectrum it is
convenient to retain the simplifying assumption of a linear triatomic complex. The total angular
momentum J of the complex is a constant of the motion, and the energies of |m, n, J) states can
be evaluated by adding a centrifugal potential V; (r, s) to the vibrational hamiltonian,} where

Vy(rys) = J(J+1)#2[2I(r,s) (3.3.1)
and I(r,s) = py 1%+ py s (3.3.2)

The centrifugal potential will be treated as a perturbation. The first order correction to the

energy is given by
WTgll,)n,J = (m, n”{f (7, S) lm’ ny, (3.3.3)

1 A similar result has previously been obtained by E. Maréchal & Bouteiller (1974).

1 This simplified treatment of the rotation of a polyatomic molecule neglects any contribution to the vibration—
rotation interaction which may arise from Coriolis forces. Such interactions are not likely to be very significant in
the present context, since the ¥(XH) frequency is much greater than those of the other vibrational modes con-
sidered. The treatment is perhaps more nearly described as that for a pseudo-diatomic molecule.
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and the second order correction by
Wg)n 7= s Km: 72‘ VJ (T, S) Im’> n’>l2'

m’,n' E=m,n Em, n Em’,'n’

(3.3.4)

W2, ; may in principle be evaluated by expanding the centrifugal potential in Taylor series
about the centre of motion (7, $,,,), but there is little point in retaining any terms beyond the
first, as they only provide a small correction to the moment of inertia resulting mainly from
vibrational anharmonicity. To a good approximation,

Wi = (T +1) 8220 (13, S ), (3.3.5)

which is independent of the v(XH. .Y) quantum number 7, but depends on the v(XH) quantum
number m because of its striking effect on the hydrogen bond length. To this order of approxi-
mation the hydrogen bond length is treated as independent of J(J+ 1), since the zero order
hamiltonian describes a molecule which is fixed in space.

Corrected to first order in V; (7, s), the vibrational wavefunctions will depend on J(J + 1), as
will the expectation value of the X.. .Y separation. The second order energy correction W,3), ;,
proportional to J?(J + 1)2, can thus beidentified asa correction for centrifugal distortion;itsdepen-
dence on m is a consequence of the variation of the hydrogen bond length with the »(XH) vibra-
tional state, and its dependence on # is largely a consequence of the »(XH. .Y) anharmonicity.

Thomas & Thompson (1970) have identified P branch band heads in the spectrum of
CH,CN.HCI and have explained their formation in terms of differences in the rotational con-
stants for the » = 0 and » = 1 states of the »(XH) vibration. Lascombe, Lassegues & Huong
(1973) have suggested that centrifugal distortion contributes to the broadening of the spectra of
hydrogen-bonded species, and have discussed this in terms of a classical model. Both these
mechanisms may be expected to influence the spectrum and it is of considerable interest to
determine which of them is more important. A simple way of resolving the issue is to calculate the
first order and second order corrections separately.

The rotational constants By and B; of the linear complex in its ground and first excited »(XH)
states are defined in terms of (3.3.5) as

B,, = h/St2I (1o, $um)- (3.3.6)

Provided that 7, and s, are known, these are easily found from the results of table 2. Little error
will be introduced by taking 7, = 0.127 nm, which is the value for free HCl (Herzberg 1950).
However, s, is not known from experiment, and it is necessary to assume a value for it: s, = 0.31
nm, as suggested by Bertie & Falk (1973), seems not unreasonable.

With this choice the rotational contents are found to be B, = 0.088(5) cm~! and B; = 0.097(2)
cm~l. The wavenumbers of vibration-rotation lines in the P and R branches arising from
|0, 79, Y= |1, my, J % 1) transitions will be

VR = (Ey, n,— Eo, n,) [he + 2By + (3B, — By) J + (B, — B,) J*? (3.3.7a)

and vp = (Ey ,, —Eq, ) [he — (By +By) J + (B, — B,) J*. (8.3.70)
Since B is greater than By, vp will decrease initially until it reaches its minimum value

Voun = (B, n, = Eo,ne) [he —1(By + By)*/ (B, — By), (3.3.8)

when J i = 3(By +B,)[(B, —B,), (3.3.9)
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40 G.N. ROBERTSON

and thereafter it will increase with J. Lines of the P branch for which J exceeds 2/, will be
interspersed among lines of the R branch, and if J,;, is sufficiently small this will lead to a highly
asymmetric band. In the present case J;, = 11, and the P branch terms are positive for J > 22.
The most highly populated state at room temperature corresponds to J = 34.

The vibration-rotation band contour deduced for Me,O . HCl at 300 K is shown in figure 4. It
has been constructed by calculating the wavenumbers and Honl-London factors of all J - J + 1
transitions up to J = 100, sorting the lines into ascending order of frequency, grouping them,
introducing a triangular instrumental width of 2 cm~, and evaluating the intensity at 1 cm™!
intervals. Owing to the large difference between B, and B, the P branch band head is extremely
pronounced ; indeed, vp_, is only 1 cm™! less than the vibrational term difference. However, the
intensity associated with the band head is only a fraction of that for the entire P branch, much of
which is merged with the R branch. Since the coefficient of J%in (8.3.6) is fairly large, the spacing
between lines in the R branch increases rapidly with J, and this results in a long, sloping profile
extending over nearly 100 cm—1.

absorbance

0
—20 0 20 40 60 80 100
wavenumber cm~—1

Ficurke 4. The calculated rotational structure associated with each |0, ny) —>|1, n;) transition. A linear triatomic
model of Me,O.HCI is assumed and centrifugal distortion is neglected. An instrumental width of 2 cm~! has
been introduced artificially.

In order to evaluate the second order correction it is simplest to ignore the dependence of
V; (r,s) on r, which is a good approximation since f, is considerably smaller than x,, and also to
ignore the anharmonicity of the »(XH. .Y) motion. With these simplifications, the summation in
(3.3.4) reduces to

Wiy~ 3 Kbl el s
n'+=n m,n

m,n

(3.3.10)
V; (74, §) is now expanded in Taylor series about s,,,,,, with only the term linear in s being retained,
and the v(XH..Y) wavefunctions are regarded as harmonic oscillator eigenstates with energies
(n+13) fiw,,, where

fw,, = 2D, q,,[T* (3.8.11)
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by appeal to (3.1.1). All terms in the summation vanish except those for which »’ =z + 1, and
(3.3.10) becomes

Wit () [ 2] Kolle=smadln =10 ol (5= spm)ln+ 8. (3.3.12)

kwm Smm

The quantity in parentheses is easily found to be — (f/2p, ,,) so that to a good approximation

1 J(J+1) A2 [OI(r s)] }2
(2) I 0>
Witnr= = gact) (im0 (33.19)
The rotational terms in the v(XH) state designated by m can thus be written
F,(J)=B,[1—-u, J(J+1)]J(J+1), (3.3.14)

the definition of %, in terms of (3.3.13) and (3.3.6) being straightforward. It is found that u, =
0.31 x 10-5and 4, = 0.37 x 10-5. Evidently the centrifugal distortion correction is only significant
for large values of J, in excess of perhaps 100. The effect of including the correction is shown in
figure 5. Comparison with figure 4 shows that only the extreme wing of the R branch is affected.

absorbance

0 L e Ly —
—20 0 20 40 60 80 100
wavenumber [cm™!

Ficure 5. The calculated rotational structure in Me,O.HCI, assuming a linear triatomic model
and including the effects of centrifugal distortion.

It is safe to conclude, therefore, that the mechanism discussed by Thomas & Thompson (1970)
in connection with CH3;CN.HCI is of central importance in determining the profile of the
Me,O . HCI spectrum; the origin of the effect is the anharmonic coupling between the »(XH) and
»(XH..Y) modes, which leads to a marked shortening of the complex in the first v(XH) excited
state. The suggestion of Lascombe, Lasségues & Huong, that centrifugal distortion will be
abnormally large in hydrogen-bonded species and may influence the infrared spectrum is per-
fectly correct, but the effect is nevertheless only of secondary importance. In absolute terms it is
quite large; but in comparison with the spectacular first order effect it is insignificant. Experi-
mental evidence has been adduced by Bertie & Falk (1973) to show that centrifugal distortion
cannot greatly affect the v(XH) ground state, and this is entirely consistent with the present
argument. The calculation of Bouteiller & E. Maréchal (1975) also shows clearly the importance

6 Vol. 286. A.
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42 ' G.N. ROBERTSON

of vibration-rotation coupling in Me,O.HCI, but it obtains the rotational energy only to
first order in J(J + 1) and does not treat centrifugal distortion.

Strictly speaking, the Me,O.HCI complex should not be treated as a linear molecule: it is
rather more satisfactory to regard it as a symmetric top.} The moment of inertia about the
molecular axis is expected to be approximately one-tenth of that about a perpendicular through
the centre of mass, and it will not depend much on the state of the »(XH) vibration. By taking
into account all transitions for which AJ = + 1 or 0 and AK = 0 the rotational profile of figure 6
is obtained.} It does not differ greatly from that of figure 5, though there is less fine structure
owing to the much greater number of rotational transitions involved.

absorbance

0 1 } L A . . . \ : n \

-20 0 20 40 60 80 100
wavenumber /cm~!

Ficure 6. The calculated rotational structure in Me,O.HCI, assuming the complex to be a symmetric top.

The question now arises whether the spectrum of Me,O.HCI can be understood in terms of
v(XH) +nv(XH..Y) Franck-Condon transitions and vibration—rotation interaction alone. A
theoretical spectrum, for a linear complex, is shown in figure 7; this has been constructed by
calculating the frequencies and intensities of all |0, 7y, J) — |1, y, J + 1) transitions for values of
ny up to 8 and values of J up to 100, and then sorting and grouping the lines and introducing an
instrumental width as before. A very similar spectrum, though somewhat smoother in contour,
is obtained by treating the complex as a symmetric top.

The reconstructed spectrum is not in satisfactory agreement with experiment; the major
difficulties are that the vibrational sub-bands do not merge to form a continuous band, and that

1 In practice all three principal moments of inertia of the complex will differ, but since the two larger principal
moments will be of similar magnitude a symmetric top approximation is not unreasonable.

1 The neglect of transitions for which AK = +1 tacitly assumes that the C1—H...0 direction is a symmetry
axis of the complex, i.e. that the configuration about the oxygen atom is planar and that the »(XH) band is a
parallel band. In practice it seems likely that the configuration will be pyramidal, in which case the v(XH) band
will be hybrid in character, with a series of perpendicular sub-bands overlapping the parallel band. A rough
calculation suggests that the perpendicular component band will be broader than the parallel band but appreciably
weaker, and thus of lesser importance. Nevertheless, it is possible that the present calculation, by neglecting the
perpendicular component, underestimates the overall breadth of the rotational structure in the »(XH) band and
exaggerates the relative importance of the band heads in the parallel component.
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the reconstructed spectrum has a rather jagged appearance as a result of the band heads associa-
ted with the constituent Franck—Condon transitions. In the circumstances it seems likely that
combinations involving low-frequency bending modes of the hydrogen bond contribute to the
spectrum. The importance of these has been stressed by Thomas & Thompson (1970), Thomas
(1971 6) and Bertie & Falk (1973) in connection with the spectra of CH;CN.HCI, CH;CN.HF
and Me,O.HCI respectively.

absorbance

2300 2400 2500 2600 2700 2800 2900

wavenumber [cm—t

Ficure 7. The calculated profile of the »(XH) absorption band in Me,O.HCIL

4. THE EFFECT OF DEUTERIUM SUBSTITUTION
4.1. The effect on the potentials Uy (s) and Uy (s)

The potential curves Uy (s) and Uy (s) are determined by the parameters a,,, and b,,, of
(2.1.18) and (2.1.19), and in order to understand the effect of isotopic substitution it is necessary
to examine the dependence of these parameters on the atomic masses. To a good approximation
the parameters a, B, ¢;, ¢, D;, and D, used to characterize the potential energy surface should be
unaffected by deuterium substitution; the reduced mass g, will be nearly doubled, however,
and p, and y will change by a small amount. The main effect will be to increase the parameter
k of (2.3.5) by a factor of nearly 2%, so that the anharmonicity of the »(XD) vibration is less than
that of the »(XH) and the mean-square amplitude of vibration is reduced.

The a,,, and b,,, each consist of two terms, which may be identified with the kinematic and
the electronic coupling effects respectively. The expectation value of e~ will depend primarily
on the anharmonicity of the v(XH) motion, since the leading term in the expansion of (e*?*~"0 — 1)
is odd, and it follows that deuteration will reduce the kinematic coupling. The expectation value
of (e~Ar-r0 —1)2 is, to first approximation, proportional to the mean-square amplitude of the
v(XH) vibration, and thus the electronic coupling effect is also reduced by deuteration. The net
result is that the displacement |sy; — 40| between the minima of U, (s) and Uy, (s) is reduced by
deuteration, and this will result in diminished Franck-Condon factors for |0,7) - |1,z + 1)

transitions, and in altered rotational profiles.
6-2


http://rsta.royalsocietypublishing.org/

0
'am \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Y B \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

44 G.N.ROBERTSON

This is illustrated in table 4, where the term values and intensities of transitions in Me,O.DCI
are presented. As before, the intensities have been normalized so that the sub-band corresponding
to An = 1 has a total strength of unity. However, the sub-band corresponding to Az = 0, centred
at 1800 cm™1, is now found to be the most intense. The central peak of the experimental spectrum
isat 1850 cm™—! (Bertie & Falk 1973); the discrepancy between these values suggests that the chosen

representation of the potential energy surface may somewhat underestimate the anharmonicity
of the ¥(XH) motion.

TABLE 3. THE EFFECT OF DEUTERATION ON THE EFFECTIVE POTENTIALS

parameter Me,O.DCl MeO,.HCl

T 56.3 55.9
oo 0.998 0.998
boo 0.949 0.932
s 0.995 0.996
by 0.853 0.805
0 57.7 57.8
0 60.7 62.0
(S00— o) [pPm —4.8 —6.6
($11— o) [pm. —14.9 —20.6
Dyofem1 2888 2940
Dy;/em—t 3197 3383

A reconstruction of the Me,O.DCI spectrum is shown in figure 8. This is not in very satis-
factory agreement with experiment: the observed spectrum has shoulders at 50 cm~1 to each side
of the central peak, while the weaker features further away cannot be resolved. As in the case of
the Me,O.HCI species, it is impossible to understand the details of the spectrum in terms of
»(XH) +av(XH..Y) transitions and vibration-rotation coupling alone, and the most natural
explanation of the discrepancies between theory and experiment seems to be that combinations
involving hydrogen bond bending modes contribute significantly to what is observed (Bertie &
Falk 1973).

4.2. The connection with the Ubbelohde effect

The results of the preceding section show that the minimum position sy, of the effective poten-
tial Uy, (s) governing the v(XH..Y) vibration in the »(XH) ground state is sensitive to deutera-
tion: (549 — o) is — 6.6 pm for the Me,O.HCI species but only —4.8 pm for its deuterated ana-
logue. The reason for this is very simple: both the coupling mechanisms depend critically on
the vibrational amplitude of the proton or deuteron, and that of the latter is smaller.

Ithas been observed by Sheppard (1959) that there is a close connection between the tendency
for the minima of the effective potentials to be displaced towards smaller values of the coordinate
with increasing strength of coupling between the vibrational modes, and the tendency of the
lattice constants of hydrogen-bonded crystals to increase on deuteration; and that the explana-
tion of the Ubbelohde effect advanced by Gallagher (1959) may be interpreted in this way.
Although in many instances the expansion following deuterium substitution in crystals is not
entirely localized in the hydrogen bond (Delaplane & Ibers 1966; Hamilton & Ibers 1968), so
that results obtained for isolated complexes are not necessarily a reliable guide to the behaviour
of solids, it is nevertheless of considerable interest to explore Sheppard’s suggestion in detail for
the Me,O.HCI complex.

Since the Ubbelohde effect is believed to be primarily a zero-point rather than a thermal effect


http://rsta.royalsocietypublishing.org/

. \
_SE )

AL

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Y B \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

ABSORPTION SPECTRA OF HYDROGEN-BONDED SPECIES 45

(Gallagher 1959), the problem is simply to calculate the ground state expectation value (XY)
of the X. .Y distance for each isotopic analogue. From (2.1.1) it follows that in either case

(XYY = (s)+(1=p)r). (4.2.1)

The expectation values of (s —s,) and (r—r,) can be calculated without difficulty from the wave-
functions of (2.2.4) and (2.3.4). However, it must be borne in mind that s, changes on deutera-
tion. Since 7, and R,, the XH and H..Y separations at the global minimum of the potential
energy surface, are expected to be independent of myg, it is apparent from (2.1.1) and (2.1.2) that
5o will depend somewhat on my through the mass ratio .

From (2.2.1) and (2.2.4) it follows that

(=5 = —a1{Inz)
— 0N, f 22 M,y (2rbh2)In zdz. (4.2.2)
0

TABLE 4. CALCULATED VIBRATIONAL TERM VALUES AND INTENSITIES FOR Me,O.DCI aT 300 K

Franck-
term values Condon sub-band
transition cm™? factor intensity intensity
0,1) |1, 0) 1703.5 0.214 0.147
0, 2) »>|1,1)" 1710.5 0.271 0.118
0, 3y -1, 2) 1717.4 0.247 0.068
0, 4) —»|1, 3) 1724.4 0.190 0.034
0, 5) |1, 4) 1731.3 0.126 0.014 0.39
0, 6) —|1, 5) 1738.3 0.072 0.005
0,7y —|1, 6) 1745.2 0.033 0.002
0,8) »|1,7) 1752.1 0.009 0.000
0, 9) —»|1, 8) 1759.1 0.001 0.000,
0, 0) —|1, 0) 1801.8 0.724 0.797
0,1y »|1,1) 1807.1 0.335 0.231
0,2y |1, 2) 1812.3 0.124 0.054
0,3) —~|1, 3) 1817.5 0.027 0.008
0,4) »|1,4) 1822.7 0.000 0.000 1.10
0, 5% —|1, 5) 18217.9 0.011 0.001
0, 6) —|1, 6) 1833.1 0.039 0.003
0,7y »|1,7) 1838.3 0.072 0.004
0, 8) |1, 8) 1843.5 0.102 0.003
0,0) |1, 1) 1905.4 0.251 0.276
0,1) »|1,2) 1908.9 0.384 0.264
0,2) »|1,3) 1912.3 0.437 0.190
0, 3) »|1, 4) 1915.8 0.436 0.120
0,4) —~|1, 5) 1919.3 0.402 0.071 1.00
0, 5) —»|1, 6) 1922.8 0.350 0.040
0, 6y —»|1,7) 1926.2 0.290 0.022
0,7y —»|1, 8) 1929.7 0.230 0.011
0, 8) »|1,9) 1933.2 0.170 0.006
0, 0) —~|1, 2) 2007.2 0.025 0.027
0,1y »|1, 3) 2008.9 0.065 0.045
0,2y |1, 4) 2010.7 0.114 0.049
0,3) |1, 5) 2012.4 0.166 0.046
0, 4) —~|1, 6) 2014.1 0.219 0.039 0.30
0,5y |1, 7) 2015.9 0.269 0.031
0, 6) —|1, 8) 2017.6 0.314 0.023
0,7 »|1,9) 2019.4 0.353 0.017
0, 8) —|1, 10) 2021.1 0.645 0.021
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It is simpler to use an integration variable defined by
x = 27b}) 2. (4.2.3)

On substitution into (4.4.2) of the expressions for N3, and A,

10, 20—4 (%) given in equations (2.2.19)
and (2.2.15) of II, it is found that

{s—8yy = —a(2¢,—1) f: [x22%—2In x e~%] dx + &~ In (2753,). (4.2.4)

The integral is in a standard form, and is equal to (2¢, —1) ¥/(2¢, — 1), where ¥ denotes the
logarithmic derivative of the gamma function (Abramovitz & Stegun 1964). After some re-
arrangement, and the use of (2.2.3), the expression becomes

(s) = So+atIn (boo/ag) + 2 [In (2g5) — ¥ (2 —1)]. (4.2.5)
The equation can easily be interpreted. From (2.1.20), the sum of the first two terms is simply

S00» the position of the minimum of U, (s). The third term is a correction for the anharmonicity of
the hydrogen bond vibration.

absorbance

n

0 A I 1 A 1
1600 1700 1800 1900 2000 2100
wavenumber fcm~!

Ficure 8. The calculated profile of the »(XD) absorption band in Me,O.DCI.

A very similar analysis shows that

{ry = rg+ B [In (2£) — (26— 1)], (4.2.6)
where the second term is a correction for the »(XH) anharmonicity. From (4.2.1) the average
X..Y distance is given by

(XY) = 5o+ (1 —y) ro+a~tIn (boofag) + o~ [In (2¢) —¥(2¢o—1)]
+(1—v) fYIn (2k) =y (26— 1)]. (4.2.7)
The sum of the first two terms is simply 7, + Ry, which is invariant under isotopic substitution.
The remaining three terms all depend to some extent on my, and must be considered in turn.

The term a1In (byo/ay,), representing the displacement (s, —S$,) of the minimum of U, (s),
has already been evaluated; the displacement towards smaller values of the coordinate is greater
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by 1.8 pm in the protium than in the deuterium species, so that this term tends to increase the
(XY separation on deuteration.

The anharmonicity correction a~![ln (2¢,) —¥(2¢,—1)] for the »(XH..Y) motion is not
particularly sensitive to isotopic substitution, since the shape of the potential well U, (s), and
thus the value of the parameter ¢,, depends little on my. From the recurrence relation

Y(z+1) =¢Y(z) +271 (4.2.8)
and the asymptotic expansion
1 B?m,
¥(z) ~ lnz——-—2;—n ) (2nz2") (4.2.9)

where the B,, are Bernoulli numbers (Abramovitz & Stegun 1964), it is easy to evaluate the
correction: it is found that

o [In (24,) — (245 — 1)] = 0.75 (age) ™+ O(g?). (4.2.10)

The correction is thus 1.61 pm for the protium and barely 0.01 pm less for the deuterium species;
the change it produces on deuteration is two orders of magnitude smaller than that produced by
the displacement of the minima, and can be ignored.

The term (1 —y) #[In (2k) — (2 — 1)], representing a correction for »(XH) anharmonicity,
can be evaluated in essentially the same way: to first approximation the correction is 0.75
(1 —1) (BF)-L. The parameter £ is proportional to 4}, so that {r —7,) has a similar mass depend-
ence and decreases from 1.7 pm to 1.2 pm on deuteration. However, because of the factor (1 —7),
this has very little effect on the (XY distance: (1 — ) {r—r,) increases from 0.05 pm to 0.07 pm
on deuteration. The point is that the centre of mass of the XH molecule is necessarily close to the
X atom, so that any decrease in (r) due to a decreased vibrational amplitude in an anharmonic
potential has little effect on the mean distance between the X atom and XH centre of mass. The
principal consequence of a decreased v(XH) vibrational amplitude is a reduction in the coupling
between the v(XH) and v(XH..Y) modes, and this affects the mean distance between the XH
centre of mass and the Y atom.

Itis clear, therefore, that of the five terms in equation (4.2.7) the third, describing the displace-
ment of the minimum of U, (s) due to the anharmonic coupling between the vibrational modes,
is by far the most sensitive to deuterium substitution, and must be responsible for the Ubbelohde
effect. However, it is possible to distinguish between two coupling mechanisms, the kinematic and
the electronic, acting in opposite senses, which have been combined in the definition of the para-
meters a,, and b,, determining the displacement. In order to obtain some insight into the trends
which are observed experimentally it is useful to consider the contribution of each mechanism
separately.

The hypothetical values of «~ In (byo/ay,) Which would apply in the absence of any electronic
coupling can be obtained by setting ¢; = ¢, = 0 in (2.3.10) and (2.3.11), noting that this also
affects the definition of £ through (2.3.2) and (2.3.5). The results of IT are then regained{, namely
that (syy — 5oy is +2.7 pm for Me,O.HCl and + 1.9 pm for Me,O.DCI. The effect of kinematic
coupling alone would therefore be to produce a contraction of about 0.8 pm on deuteration. This
figure is not particularly sensitive to the strength of hydrogen bonding, as measured by D,, al-
though it does depend on the anharmonicity of the v(XH) mode. Thus the above hypothetical
estimate of the contraction which would be produced on deuteration if the v(XH) vibration were

1 The slight numerical discrepancy between the results quoted here and those of table 6 of II is due to the
different value assumed for the »(XH. .Y) frequency in that paper.
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unaffected by hydrogen bond formation (i.e. if the term Vj(7,s) in (2.1.3) were to vanish)
is probably representative of quite a wide variety of hydrogen-bonded systems of moderate
strength.

The isotope dependence of the electronic coupling effect is critically sensitive to the values of
the parameters ¢; and ¢, used to represent the potential energy surface. A rough estimate of the
displacement of the minimum of U, (s) resulting from electronic coupling alone can be obtained
by setting the first termsin (2.3.10) and (2.3.11) equal to unity and expanding a=1In (dgy/a,,). To
first approximation the displacement of the minimum is then given by (¢, + ¢,) D,/22kD,. On
deuteration the parameter £ increases by some 40 %, so that the magnitude of the displacement is
reduced; however, the sign of the displacement is determined by that of (¢, + 4¢;). In the case of
Me,O.HCI this term is dominated by the large negative value found for ¢,, and the contribution
to the displacement is found to be —9.3 pm for the protium and — 6.7 pm for the deuterium
species, so that electronic coupling alone would produce an expansion of 2.6 pm on deuteration, a
much larger effect than the contraction which would be produced by kinematic coupling alone.
In practice the two effects interfere (though they are not exactly additive), and it is predicted
that the CI. . . O distance should be 1.8 pm greater in Me,O.DCI than in Me,O.HCIL

The factor (¢, + $¢,), to which the electronic coupling contribution to the Ubbelohde effect
is roughly proportional, is very closely related to the fractional shift in the »(XH) absorption
frequency produced by hydrogen bond formation, which is given to first approximation by
[(14¢;+¢y)t —1]. Provided that the downward frequency shift is sufficiently large, so that
electronic coupling outweighs kinematic, there should be a strong correlation between frequency
shift and Ubbelohde expansion. If the hydrogen bonding is weak and the frequency shift small,
kinematic coupling may dominate, in which case deuterium substitution may result in a small
contraction of the system. If the hydrogen bonding is very strong, however, and the proton
moves in a symmetrical or nearly symmetrical potential, no conclusions can be drawn, since the
present model is not applicable. This latter case has been treated theoretically by Singh &
Wood (1969).

Gallagher (1959) has argued, solely from experimental considerations, that the overall isotopic
expansion must be the sum of two terms which act in opposite senses. The present interpretation
of the Ubbelohde effect is in complete argreement with this idea, and shows the origin of the two
opposing mechanisms. Furthermore, it gives mathematical expression to the argument of
Sheppard (1959), that the minimum of the potential curve for the »(XH. . Y) vibration will lie at a
smaller value of the coordinate than that of the »(XD..Y) vibration, owing to the coupling
between the two stretching modes being dependent on the »(XH) vibrational amplitude.

It should be observed that the present argument makes no appeal to the existence of a sub-
sidiary minimum in the potential function for the proton at fixed X. .Y separation (cf. figure 2).
While these calculations in no way prejudice the possible existence of asymmetric double mini-
mum potentials in hydrogen-bonded systems, they do show that there is no necessary connection
between such potentials and an expansion of the system on deuteration.

Finally, it should be remarked that the predicted expansion of Me,O . HClon deuterationisvery

1 The theoretical study by Singh & Wood (1969) has sometimes been interpreted as showing that a hydrogen-
bonded system will expand on deuteration only if the proton potential has two minima. Singh & Wood themselves
very properly emphasise that their results are only applicable to a symmetric (XHX) system, possibly with a small
asymmetric perturbation in the potential. Thus the type of situation they envisage is necessarily rather different
from the case considered here, and any conflict is more apparent than real. Indeed, the present interpretation of
Gallagher’s expansion term is similar to theirs.
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similar in magnitude to that predicted for the (HCOOH), dimer by Y. Maréchal (1972), which
is in good agreement with the experimental result of Almenningen, Bastiansen & Motzfeldt

(1970).

5. CONCLUSIONS AND SUMMARY

The theory of the anharmonic coupling between v(XH) and »(XH..Y) vibrational modes
developed previously (Coulson & Robertson 1975) assumed pairwise additive interactions
between the X, H and Y atoms, and the model potential energy surface was insufficiently refined
to reproduce spectroscopic phenomena accurately. In the present paper the theory has been
generalized so as to accommodate a much more realistic class of potential function, which allows
for the effect of varying hydrogen bond length on the electron distribution in the XH region. By
taking advantage of the extensive information available about the temperature dependence of
the Me,O . HCI spectrum it has been possible to determine the additional parameters needed to
specify the potential in that particular case.

The availability of a reasonably detailed potential energy surface allows a substantial number
of conclusions to be drawn. It is found that the electronic coupling acts in the opposite sense to the
kinematic coupling mechanism, and outweighs it, so that the effective potential curve for the
v(XH..Y) motion is progressively displaced towards smaller values of the coordinate as the
amplitude of the »(XH) vibration increases. In particular, the complex is predicted to be 14 pm
shorter in its first excited »(XH) state than in the ground state. _

The effect on the vibration—rotation band profiles is spectacular: each |0,7,)— |1, 7,) transi-
tion is expected to give rise to a severely distorted vibration-rotation band with a pronounced P
branch band head and a long, sloping R branch. This is in satisfactory agreement with the con-
clusions of Thomas & Thompson (1970) regarding the shape of the rotational bands of the
CH4CN . HCl species. In the present case the effect on the rotational bands is expected to be more
pronounced than in the case investigated by Thomas & Thompson, but thisis entirely reasonable,
since there is no clear evidence for the formation of »(XH) + nv(XH. .Y) combination bands in
CH;CN . HCl, which suggests that the shortening of the first »(XH) excited state of Me,O.HCI
should be more pronounced than that of CH;CN. HCL

Isotopic substitution reduces the v(XH) vibrational amplitude, and thus the displacement of
the minimum of each »(XD. .Y) effective potential curve is less marked than that of the corre-
sponding v(XH. .Y) curve. The Franck—Condon factors for |0, z) — |1, + 1) transitions, which
depend critically on the extent to which the two curves are staggered, are reduced in consequence.
This gives at least a qualitative account of the sensitivity of the Me,O.HCI spectrum to deuter-
ation. To a very good approximation the change in the mean X..Y separation produced by
deuterium substitution can be understood in terms of the change in position of the minimum of
the ground state effective potential curve, as envisaged by Sheppard (1959). The mean O..Cl
separation is predicted to be 1.8 pm greater in Me,O.DCI than in Me,O. HCI, and as this figure
is expected to be rather sensitive to the finer details of the potential energy surface, an experi-
mental measurement of the isotope effect ought to provide valuable information about the
electronic coupling mechanism.

In view of the finding that the potential curves for Me,O . HCl intersect, the question of vibra-
tional predissociation treated in I must be re-examined. Since the intersection is rather oblique,
and lies high up on the repulsive portions of the curves, which is precisely where they are least
reliable, the position of the crossing point is not accurately determined and the calculated values

7 Vol. 286. A.
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(Seross — S0 = — 103 pm; E s = 5860 cm™!) must not be taken too seriously. Nevertheless, the
finding that the crossing point lies above the horizontal asymptote of Uy, (s) (at 2910 cm~1)7 is
important: it means that the classical turning point of any quasi-stationary |1, n) state lies at
lower energy than the crossing point, so that the radiationless decay of the state involves tunnelling
through a potential barrier. This excludes any possibility of very rapid predissociation (on a
time-scale comparable with a »(XH..Y) quarter-period). However, the potential barrier is
narrow just below the crossing point, and very highly excited |1, n,) states, with energies close
to the Uy, (s) dissociation limit (i.e. with z + } not much smaller than g¢;, cf. equation 2.2.16 of IT)
may well have appreciable widths, many orders of magnitude greater than the estimates of I. On
the other hand, the barriers to predissociation of |1, n,) states with n, < 10 are very broad, and
there is no reason to suppose that predissociative broadening should be observable. Indeed, pre-
dissociation of |1, n,) states with n, < 4 is energetically impossible, since a portion of the U, (s)
curve lies below the horizontal asymptote of Uy, (s).} Although the calculations of I clearly need
revision, the main conclusion of that paper, that predissociation fails to contribute significantly
to the observed spectral broadening, remains secure.

It is interesting to note that the potential curve Uy, (s) has a depth Dy, of 2940 cm— (cf. table 2)
whereas the quantity D,, which we have referred to somewhat loosely as the hydrogen bond dis-
sociation energy, is only 2750 cm~1. The discrepancy can to a great extent be understood in terms
of the altered zero point energy of the »(XH) mode following hydrogen bond formation; the
v(XH) zero point energy, including anharmonicity corrections, is 1482 cm™ for free HCI but
only 1297 cm~1 in the Me,O.HCI complex. In order to increase s from s, to infinity work must
be done to increase the v(XH) zero point energy. The depth Dy, of Uy, (s), which represents the
binding energy of the hydrogen bond, is thus expected to be some 185 cm~! greater than D,. The
calculated difference is 190 cm=. It should be observed that D, is not an experimentally measur-
able quantity, but refers to the depth of the potential energy surface minimum V(r, s,) relative
to V(ry, ).

The value of Dy, for the Me,O.DCI species is 2888 cm™! (cf. table 3), so that the deuterium
bond is weaker by 52 cm~! or 0.0065 ¢V than the corresponding hydrogen bond. Again, the
difference can be understood in terms of changes in zero point energy. Similar conclusions have
been reached by Y. Maréchal (1972) in connection with the (HCOOH), dimer.

Although suggestive in many ways, these calculations do not give a satisfactory account of the
overall v(XH) band shapes of either the Me,O.HCI or the Me,O.DCI species, as they fail to
account for the merging of the sub-bands and predict a fine structure which is not observed. Since
one of the critical parameters has been estimated by comparing the temperature dependence of
experimental spectra with theoretical reconstructions, and the agreement obtained is only quali-
tatively correct, it is right to ask whether the various positive conclusions that have been drawn
are in any way jeopardized by this lack of detailed agreement. Two main questions arise: first,
whether the procedure used to determine the parameters ¢, and ¢, in the assumed potential
function (2.1.3) is adequate; and secondly, whether the special form assumed for the potential
function is sufficiently flexible to describe the two coupled vibrational modes satisfactorily.

1 This asymptote should really lie at 2885 cm™!; in assuming an approximate wavefunction of the form
(2.1.11) and neglecting the dependence of X(r) on the coordinate s an error is introduced which becomes more
pronounced as s increases. The error in Uy, (s) is of the order of 19,, which is perfectly acceptable.

1 This finding is critically dependent on the value of the hydrogen bond dissociation energy, which is difficult
to determine accurately from experiment (Seel 1966). Furthermore, the quantity determined by Seel cannot be
precisely identified with the parameter D, defined in (2.1.5).
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Electrical anharmonicity and the formation of combinations with hydrogen bond bending
modes may each be expected to influence the spectrum, and thus to complicate the procedure for
determining the parameters ¢; and ¢,. It was shown in II that the two dominant terms in the
transition dipole

<1: 6} I/’”(rﬁ S) IO: n0>

are likely to be (OpfOr), 5, {151y | (r—17¢) 0, )

and (02 [0rs)y, s, (1, my | (r—10) (5= o) |0, 7).

The present analysis has been based on the assumption that the second term is much smaller than
the first, and the potential energy surface has been determined by requiring that the products of
Franck-Condon factors |{n, |nyy|> with the appropriate Boltzmann factors, when summed,
reproduce the temperature dependence of the spectrum. If electrical anharmonicity is significant,
our estimate of the pattern of Franck—Condon factors, and hence of the separation between the
minima of the effective potentials Uy, (s)and Uy, (s), will be in error, and this will tend to vitiate
the remainder of the analysis. For this reason an accurate calculation of the dipole moment
surface for the complex would be most valuable.

A correction for electrical anharmonicity will not affect the position of vibrational terms, unless
by any chance the present calculations grossly underestimate the difference in curvature
between the upper and lower effective potentials, which is rather unlikely. To account for the
merging of the vibrational sub-bands it seems necessary to suppose that combination bands
(XH) £nv(XH..Y) +2'6(XH..Y), involving low frequency bending modes of the hydrogen
bond, are excited. Bertie & Falk (1973) conclude that the 6 (XH. .Y) frequency is about 50 cm™?,
or roughly half the »(XH..Y) frequency.t This raises a distinct possibility of appreciable
overlapping between bands such as ‘

v(XH) +0(XH..Y)

and »(XH) +»(XH..Y) - 6(XH..Y),

which would render our procedure for estimating coupling parameters very dubious.

The question whether a function of the form (2.1.3) is sufficiently flexible to represent the true
potential energy surface is difficult to answer. Clearly there are certain well-established pheno-
mena, such as the increase in the equilibrium value of the XH coordinate with decreasing X..Y
separation, which are not reproduced at all by such a function; whether this is of any spectro-
scopic importance is a matter for speculation. In the last resort, the question can only be resolved
by undertaking extensive electronic structure calculations and seeing whether the general
features of the calculated potential energy surface can be reproduced by (2.1.3); detailed agree-
ment is hardly to be expected. Nevertheless, it seems very likely that the potential energy surface
used in this paper is sufficiently accurate to capture many of the essential features of the problem;
its principal merit lies not in any claim to represent the true potential with great precision, but
rather in its relative simplicity, which enables the analysis of the coupling between anharmonic
modes to be performed algebraically rather than numerically, and has the valuable advantage
that mechanisms responsible for particular phenomena can be discerned.

1 The §(XH..Y) frequency has been much more accurately determined for the CH,CN.HF complex by
Thomas (1971 b), who finds a value of 40 cm™1,

7-2
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I wish to thank Dr R. M. Seel for permission to make use of unpublished experimental results,
and Professor N. Sheppard, F.R.S., for much helpful advice.

MM. Bouteiller and E. Maréchal have independently shown that the temperature dependence
of the Me,O.HCl spectrum can be understood in terms of a rather simpler model which neglects
the anharmonicity of the v(XH..Y) vibration; I am grateful to them for sending me a copy of
their paper prior to publication, and for discussions.

APPENDIX A

It is necessary to evaluate the parameters a,,, and b,,, of (2.1.18) and (2.1.19) and the level
shifts Ae,, of (2.1.15).
The normalized wavefunction y,, (r) of (2.3.4) can be expressed in terms of Kummer’s function
as
Xm (1’) = Nm e*%ggkmm—%lﬁ‘l (—'m; 2/;'—27”; €): (A 1)

2 AL (2k—m)

h - _ S—
where ™ T (2 —2m—1) I'(2k — 2m)

(A2)

The parameters @,,, and b,,, are defined as follows:

= [ 80 {exp ayr=10) = (357) (1= exp (= =) ) (A3)
and bpm = jow X2(r) {exp 200y (r—1y) + (%D,il) (1—exp(—p (r—ro)))z} dr. (A4)
Thus
o = My [ a8 e )2 er2b 1 - (352) (1~ g2k
— (2E>” wev 2f—2—y __,_CI.DI___ © - -1 — ¢IF 1 &21452
= T2k-1) ,[0 R T fo e S L
where 7 = ay[p. (A 6)

The result of (2.3.10) follows immediately, and the expressions quoted for by, a,, and by; can be
obtained in the same way.
The level shifts Ae,, are given by

Ay = — f ® A () Vi (1, 50) dr
0

= =Di(e ) [ ) 1= exp (= Br-ro)Pdr (A7)
_ Dy (¢1+¢co) [ _ ok—2(1 _ ¢]of)2
Thus Ay = — o= fo et gE-2(1 g2y dg, (AS8)

from which the result of (2.8.8) is easily obtained. The result quoted for Ae, follows in the same
way.
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