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Solid state solvation of HCl and HBr (i.e., HX acids) was investigated by FTIR spectroscopy, with methanol
(MeOH), dimethyl ether (DME), and tetrahydrofuran (THF) acting as solvents. The study is an extension of
previous investigations of acid hydrates. Effort was devoted to finding those composition ratios for which the
acid and the solvent readily form mixed crystalline and amorphous solids and to the study of the extent of
acid solvation in these solids. The results were interpreted with the help of density functional theory (DFT)
calculations for (HX)n(solvent)m clusters and for protonated solvent ions. A dramatic difference was observed
between methanol and ether solvation. For methanol, crystal and amorphousionic solids form with MeOH:
HX ratios of 1:1, 2:1, and 3:1, in analogy to the hydrate case. The parallel to the HX-hydrate series apparently
extends to the formation of the methanol analogues of the hydronium and Zundel cations, for the corresponding
solvent-acid ratios. In contrast, mixed acid-ether solids tend to beacid-rich; new crystal solids were
discovered, with HX-ether ratios of 6:1, 4:1, 2:1, and 1:1. In the limit of high acid-ether ratio, the acid is
clearly molecular. In the 1:1 crystals, very intense and broad bands in the 800-1500 cm-1 range suggest
proton sharing between the halide and the O atom of the ether; and a Zundel-like species [ether..H+..X-] is
suggested as the basic unit. Such units polarize, mutually solvate, and stabilize each other. In the case of
HCl, the Zundel unit appears to persist to intermediate acid:ether ratios, despite dilution by the extra acid.
However, in the case of 2:1 and 4:1 HBr-THF, the acid is fullymolecular, though perturbed significantly by
solvation.

1. Introduction

Solvation in the solid phase is of a basically different nature
than for a liquid. A flexible liquid solvent forms readily a
solvation shell around anisolatedsolute particle. In contrast,
solvation in a crystal is typically acollectiVe phenomenon,
associated with nucleation of a mixed solid of a well-defined
composition and structure. The specific factors determining
preferred composition ratios for a given solute-solvent com-
bination are far from being well understood, but generally, they
should be determined by the geometry and the bonding
properties of the constituents. Reported here are efforts to extend
the understanding of solid-state solvation/ionization of hydro-
halic acids by computational and spectroscopic study of mixed
crystalline phases of HX with methanol and small ether
molecules.

Solid-phaseacidsolvation has recently received considerable
attention due to the importance of acid hydrates in atmospheric
chemistry. Mixed acid-solvent systems display interesting and
rich physical chemistry. Four crystal forms are known for HCl
hydrates. These hydrates are all ionic and include Cl- anions
and protonated water cations. Well-defined cation forms, either
Zundel (H5O2)+ or hydronium H3O+, can be found, depending

on the composition. Based on X-ray determinations of structures,
the following formulas were proposed:1 for the monohydrate,
(H3O+)(Cl-); for the dihydrate, (H5O2)+(Cl-); for the trihydrate,
(H5O2)+(H2O)(Cl-); and for the hexahydrate, (H9O4)+(H2O)2(Cl-)
(the cation in this structure corresponds to an Eigen form, i.e.,
a hydronium cation fully solvated by three water molecules).

FTIR spectroscopy of crystal and amorphous hydrohalic acid
hydrates was pursued by us in the past.2,3 The spectra of crystal
(HCl)(H2O)n)1-3 are shown in Figure 1A. Spectra of the
hydronium and Zundel ions (solvated by Cl-) can be seen most
clearly in the spectra of the mono- and dihydrate, respectively.
The spectra of the crystal di- and trihydrates and deuterates
display an underlying continuum. This “Zundel” effect,4 which
will also be discussed below for other systems, is summarized
briefly here. The continuum absorption is characteristic of
proton-sharing species, such as (H5O2)+ ) H2O‚‚H+‚‚OH2, in
condensed (solid and liquid) phases. The effect is due to
continuous modulation of the proton potential; by the O‚‚‚O
stretch, by other local motions, and by fluctuations of the electric
field. Thus, the proton potential varies from a single well for
short O‚‚‚O distances, to either symmetric or asymmetric double
wells.4,5 The proton motion modulates in turn the local
intermolecular interactions; for example, H+ approach to one
of the bonded molecules affects its stretch and bending force
constants. As a result, even crystal phases display broad bands
and underlying continua. In the corresponding amorphous
phases, the relative contribution of the continuum absorption is
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enhanced by the presence of a frozen broad distribution of
equilibrium configurations.

Figure 2 shows density functional theory (DFT) computed
spectra of a number of model molecular species with a proton
shared between two heavy atoms, including the Zundel ion
(H5O2)+. The corresponding model structures are shown in
Figure 3. By far the most intense infrared transitions correspond
to the localized vibration of the shared proton between the two
heavy atoms or to extended excitations with a substantial
contribution from this proton motion (the asymmetric stretch).
The exact calculated frequencies should not be taken too
seriously, since harmonic approximation was used, whereas in
proton-sharing systems, very large anharmonic shifts amounting
to hundreds of cm-1 are possible.6 Moreover, in condensed
phases, one expects strong long-range coupling between vibra-
tions of adjacent protons and between the proton motion and
other system vibrations. On the other hand, the basic qualitative

signature of proton sharing, obtained in DFT, in the form of
very intense transitions in the 800∼1500 cm-1 range, is likely
to be correct. We thus assign the broad feature at∼1100 cm-1

in the dihydrate spectrum (Figure 1A) to the asymmetric H5O2
+

proton stretch, broadened by coupling to other motions.
Moreover comparison to DFT spectra suggests assignment of
the dihydrate feature at 1700 cm-1 to water bending “il-
luminated” by coupling to the proton motion. For a recent
example of such broad asymmetric-stretch bands in a proton
sharing crystal system, see a study of “proton sponges”.7

Comparison of the dihydrate to protonated-water spectrum
in a liquid acid solution is of interest. There, the cation
undergoes continuous interconversion between the Zundel and
the hydronium forms, and the spectrum corresponds to a very
broad continuum extending from∼800 to∼3000 cm-1.4,5 In
the crystal hydrate, the more rigid periodic structure results in
a distinct, albeit broad, Zundel asymmetric stretch band.

Figure 1. Survey spectra from the top down: (A) of crystalline thin films of the monohydrate, dihydrate and trihydrate of HCl and (B) of thin
solid films of amorphous MeOH, crystalline MeOH, amorphous THF, crystalline THF, and crystalline DME.

Figure 2. Harmonic DFT spectra of five model systems which include proton-sharing between two heavy atoms. Frequencies of intense bands are
listed in the right margin. The respective minimum energy configurations are shown in Figure 3.
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Presence of the underlying broad continuum suggests, however,
occasional large-amplitude structural distortions in the crystal
dihydrate as well.

Though molecular clusters of complexes of hydrohalic acids
with smallethers have been a subject of several spectroscopic8-10

and computational11 studies over the past 30 years, there is little
structural or spectroscopic information about the corresponding
crystal phases. In fact, solid phase data are apparently limited
to results of infrared studies of primarily amorphous samples
generated by mixing halide acids with dimethyl ether (DME)
at low temperatures,12 though related spectra have also been
reported for samples of warmed inert matrixes containing HI-
DME complexes.13 (An extensive study has also been reported
for cold amorphousmixtures of HX acids with the solvent
acetone.14) Even less information is available for solid-phase
methanol (MeOH) mixed with hydrohalic acids, though the
interaction of HBr with cold ethanol films has been the object
of a recent reactive-ion-scattering study.15 The lack of informa-
tion on these potentially interesting crystal systems reflects their
instability at temperatures above 200 K as a result of the high
component vapor pressures. Here we describe how both
crystalline and amorphous thin films of formulas mMeOH:HX
and nHX:ether (where HX is HBr, or HCl, ether is tetrahydro-
furan (THF) or dimethyl ether (DME),m ) 1-3 andn ) 1, 2,
4, and 6) can be studied using standard low-temperature FTIR
absorbance spectroscopy and characterized using insights from
DFT computations.

The published data on the acid-ether small clusters are
informative for the solid-state systems of interest here. Results
from infrared matrix-isolation8,9 and supersonic jet-FTIR spec-

troscopy, together with density-functional theory calculations,10

have been reported for the 1:1 complex of HCl with DME. The
theory of Witkowski and Marechal16 has been applied by
Wojcik11 to the interpretation of band progressions in the H-Cl
stretch mode of mixed-dimer spectra obtained by the supersonic-
jet approach. The matrix spectra also include data for the 2:1
and 1:2 HX:DME complexes with the results for the H-X
stretch modes summarized by Barnes and Wright.8a The mixed-
dimer frequency for HCl (HBr) is 2310 (2050) cm-1, whereas
a single band at 2480 (2240) cm-1 was assigned to the 2:1
complex. The 1:2 complex revealed an HX band at 1980 (1740)
cm-1. These matrix data correlate well with frequencies
calculated using density functional theory (vide infra).

The solvation/ionization of HX can be controlled by varying
the solvating groups of a selected series of solvents. The O-H
group participates actively in the solvation of HX molecules/
ions within the ionic crystalline hydrates,1,3 the MeOH-HX
clusters and solids (vide infra), and at the ice surface3,17,18and
plays a major role in the dissociation of HX into ions within
clusters of H2O molecules.19,20 Past studies indicate that HCl
dissociation requires a minimum of three hydrogen bonds: one
to H and two to Cl.3,17-19 Thus, the stepwise decrease of the
O-H population, through the series H2O, MeOH, and R2O
(ether molecules, e.g., THF or DME), gives access to variations
in acid-solvation stages. In the case of H2O and MeOH, the
ionic form of HX is the stable one for all crystal phases. By
contrast, HX-ether solid phases, absent O-H groups, may lack
solvation-induced acid dissociation. As a result, the multiple
acid-ethercrystalline phases, described here for the first time,
create a unique opportunity to observe a remarkable range of
molecular-HX solvation for fixed and (potentially) defined
configurations. The range appears to extend from slightly
perturbed acid molecules, to full proton-sharing with the ether
O-atom.

Stepwise solvation of HX was studied by us in the past in a
different system: low-temperature HX adsorbates on ice nano-
particles.3,17 Surfaces of crystalline ice nanoparticles are char-
acterized by a low density of dangling O and H atoms.
Therefore, at lowT, their surface is a relatively poor solvating
medium, so adsorbate one- and two-coordinatedmolecular-acid
molecules can be readily observed. The former are slightly
stretched, whereas the latter, being strongly stretched, are on
the verge of ionization. The corresponding H-X stretch-mode
frequencies for adsorbed HCl (HBr), at 2480 (2260) and 1710
(1530) cm-1 (as compared to the gas-phase value of 2891 (2560)
cm-1), reflect different levels of acid solvation in accord with
ab initio calculations for model surface sites.

Shifts of such magnitudes might seem unlikely from solvation
by ether molecules which lack the OH groups so important to
solvation by water. However, the matrix-isolation8,9 and con-
densed-phase12 data indicate that large shifts of the H-X bands
occur in small-ether systems. Further, HX molecules are known
to ionize to a degree in liquid ether solvents and when
incorporated within polymers of ethylene oxide.21 Such behavior
suggests that solvation of HX by small-ether molecules, within
a series of amorphous or crystalline condensed phases, will
induce infrared-band frequency shifts of a range comparable to
that observed for the HX-ice surface interaction. Indeed, as
the solid-state acid-ether ratios are reduced, the evolution of
ether-solvated HX, from very slightly distorted to structural
analogues of the Zundel cation will be noted. Moreover, the
presence of multiple solvation states within individual crystalline
forms offers the opportunity for study of preferential positioning

Figure 3. Structures of model systems which include proton sharing
by two heavy atoms, used to derive ab initio spectra of Figure 2.
Structures (a-d) correspond, respectively, to a Zundel analogue in
which the proton (large white circle) is shared by two O atoms of water
(a), methanol (b), DME (c), and THF (d). (a-d) DFT-B3LYP
calculation in the aug-cc-pvDZ basis set. Structure (e) of (H2O)7HCl
was adopted from ref 10; this structure examplifies proton sharing
between two different heavy atoms, O and Cl; H‚‚‚Cl ) 1.431 Å; H‚
‚‚O ) 1.381 Å. (e): MP2 calculation in aug-cc-pvDZ basis.
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of chloride vs bromide and/or hydrogen vs deuterium. Data for
mixtures of HCl, HBr, DCl, and DBr, within the 2:1-crystal
system, will be examined to address this question of preferential
occupancy of sites, in addition to aiding in the general
interpretation of the spectra of the crystalline phases.

To aid the interpretation of the experimental results, we
performed a series of DFT-B3LYP calculations for a number
of model cluster systems, containing acid and solvent in different
ratios. The models and the acid frequencies are shown in Figures
4 and 5. The DFT calculations for the clusters and also for
proton-sharing systems (mentioned above) are summarized in
the Appendix. The cluster frequencies are not expected to match
those of an extended solid, even if the solid can be viewed in
fact as an extended array of the cluster units. This is because
of mutual solvation of such units in the condensed phase. Still,
considerable insight can be gained from the calculations. Note,
for example, anincreasein HCl frequency upon attachment of
a second HCl to the ether O-atom (Figure 4a,c; Figure 5a,b),
and thedecreaseupon attachment of additional HCl in tandem,
as in O..HCl..HCl (Figure 4a,d; Figure 5a,c). Note also the
decrease of the acid frequencies in the cyclic (HCl)2(ether)2
cluster, with respect to the HCl-ether dimer, due to many-body
effects (Figure 4a,e; Figure 5a,e). It will be shown that these
effects are much more dramatic for the extended 1:1 HX:ether
molecular solids.

The methods of sampling and determination of spectra are
discussed in section 2. Spectra for the crystalline and some of
the corresponding amorphous phases are presented in section
3, together with tentative interpretations largly based on DFT
calculations. The results are summarized in section 4. Details
of the electronic structure calculations are given in the Appendix.

2. Experimental Section

Thin films of acid-solvent mixed solids were prepared by
vapor co-condensation onto a CsI or Silicon substrate supported
on the stem of a low-temperature infrared cell. Deposition was
through separate glass tubes with 2 mm orifices with the vapors
released∼4 cm from the substrate surface. The substrate was
held at∼80 K for a 10-12 min deposition during which the
sample formed as an amorphous film 0.5-1.0 micron thick.
The ratio of HX (HCl, HBr, or HI) to solvent in each deposit
was determined from flow rates through calibrated flow meters
and checked against deposits from premixtures prepared at
moderate pressures within large glass bulbs. Flow-meter calibra-
tion plots were obtained by monitoring the emergence of
interference fringes for a range of flow rates during deposition
of individual vapors. Experiments with HI, though completed
shortly after preparation of the HI from NaI reaction with
concentrated sulfuric acid, were hampered by dissociation to
H2 and I2, and were, therefore, limited to mixed solids with
methanol. Other reagents were purchased commercially and used
after outgassing of the liquids or vacuum distillation of more
volatile impurities from the gases: methanol (Baker Analyzed);
THF (Fisher Certified); gases DME, HCl, HBr (Matheson
Research Purity:>99.8%).

Amorphous samples of the desired HBr-THF ratios, prepared
in the above manner, were subsequently warmed for crystal-
lization at temperatures appropriate for a particular ratio: 120
K for 6:1, 140 K for 4:1, 160 K for 2:1, and 180 K for 1:1.
Temperatures lower by 10-20 K, to minimize loss of HCl to
the vapor phase, were optimum for crystallization of the
corresponding HCl-ether samples. Because the amorphous
films have a significant HX vapor pressure at the respective
crystallization temperatures, crystallization in the closed cell was
facilitated for deposits containing 5-20% more acid than
required by the integer ratios (to account for the acid vapor lost

Figure 4. Model structures of acid-THF clusters of different
compositions, studied by DFT-B3LYP calculations. C, small, black;
H, white; O, red; Cl, green; Br, large, black. In each panel, HX harmonic
frequences are marked, in cm-1. The intensity is given in brackets, in
thousands of kM/mol. The isolated HCl (HBr) frequency at this level
of calculation is 2925 (2597) cm-1.

Figure 5. Model structures of acid-DME clusters of different
compositions, studied by DFT-B3LYP calculations. C, black; H, white;
O, red; Cl, green. In each panel, HX harmonic frequences are marked,
in cm-1. The intensity is given in brackets, in thousands of kM/mol.
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to the cell volume). HCl and HBr each form four crystalline
phases with THF, whereas HCl forms five crystalline phases
with DME. FTIR absorbance spectra were measured at 80 K
for each member of each of these three series. Several of the
crystalline phases were also obtained by first crystallizing a 6:1
sample followed by pumping HX from the films at the
temperatures noted above to achieve a particular acid-ether
phase.

Once a 1:1 crystal was formed, by either approach, crystals
of higher acid ratios could also be prepared by exposing that
film to an appropriate amount of HX(g) at the proper temper-
ature. In other words, acid molecules move freely in-and-out
of the films at temperatures near the respective crystallization
temperatures. The rate of gain or loss is related to the diffusion
rate of acid molecules through the existing solid. For example,
after nucleation of the 2:1 crystal at the 1:1 film surface, the
2:1 crystalline phase is propagated by diffusion of the acid
through the 2:1 overlayer to the reaction zone at the interface
with the underlying 1:1 crystal. The reverse process, formation
of the 1:1 film from the 2:1, requires diffusion of the acid from
the interfacial reaction zone to the surface through the 1:1
overlayer (which nucleates at the surface before moving as a
front through the film while acid is desorbed to the vapor phase).
This behavior suggests that diffusion coefficients can be
determined for acids for each of the different crystalline films,
as has been reported for ice nanoparticles22 and microparticles.23

Quantitative reaction rates are yet to be determined for the
films, but it is remarkable that a complete cycle, from the 4:1
HBr:THF to the 2:1 and back to the 4:1 phase, requires only a
few seconds at∼150 K (when HBr is rapidly removed by
pumping to a cryogenic surface and then released to reform the
4:1 film). This ability, to change the crystal phase by using the
vapor phase to add or remove HX, greatly facilitates spectro-
scopic study of variations on the simple crystalline series. For
example, data will be presented showing conversion of a 1:1
film of HBr-THF to a crystalline 2:1 film containing equal
amounts of HBr and HCl by simple exposure to HCl vapor;
and to a 2:1 sample containing equal amounts of H and D by
exposure to DCl vapor.

3. Results and Discussion: Spectra of Amorphous and
Crystalline Acid-MeOH and Acid-Ether Films

Amorphous and crystalline films have been studied of three
different solvent molecules, MeOH, THF, and DME, combined
with the hydrohalic acids HCl and HBr (and HI to a limited
extent). For convenient reference, the low-temperature survey
spectra of the pure solvent thin films are presented in Figure
1B. The MeOH spectrum is dominated by bands of the stretch
modes of the O-H, C-H, and C-O bonds near 3300, 3000,
and 1000 cm-1, whereas the strong ether bands below 2000
cm-1 are produced by C-H bending (near 1450) and a mix of
C-O and C-C stretch modes in the 800-1200 cm-1 range. In
spectra of the solid phases with HX (presented in the next
section), other strong solvent features, from combination and
overtone states, appear as a result of coupling (both resonant
and antiresonant) with the broad HX states.

Ultimate understanding of the crystal structure of the new
solids must await an X-ray study. Although one cannot derive
the structures from the spectra, considerable insight as to the
possible building blocks can be obtained from comparison to
DFT calculations (Figures 2-5). For reasons of computational
efficiency, HCl rather than HBr was considered in the compu-
tational models. The assignments given below should be
considered as tentative.

3.1. mMeOH:HX. The FTIR absorbance spectra of amor-
phous and crystalline films of mMeOH:HBr, withm ) 1-3,
are given in Figure 6. The spectra of the amorphous phases are
characterized by intense broad bands with an underlying
continuum stretching from∼800 to near 3000 cm-1. Such
continua are common for amorphous phases that contain the
Zundel cation (H5O2

+) (e.g., the amorphous acid hydrates3) and
can be related to the MeOH analogue (MeOH)2H+. The
individual amorphous phases of Figure 6 (left panel) are
distinguished by the blue-shift of bands in the O-H stretch
region with increasingm value and by the presence of a
pronounced band of partially solvatedmolecularHBr near 2200
cm-1 in them) 1 case. (The latter assignment, as the molecular
HBr stretch band, follows from comparisons with the amorphous
phase of MeOH:HI in Figure 6A, for which the molecular HI-
stretch mode occurs at∼1950 cm-1, and with the monohydrate

Figure 6. FTIR absorbance spectra of thin amorphous and crystalline films of mMeOH:HX: Left panel, amorphous films of mMeOH: HBr, as
labeled (m:1), except for second from top which is of MeOH:HI. Right panel, crystalline films of mMeOH: HX as labeled (m:1). HX is HBr except
a′ and b′ for which the acid is HI.
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of HCl which has a molecular component within the band near
2550 cm-1 2).

Strong analogies exist between the spectra (Figure 6B) of
the crystalline mMeOH:HX members and the corresponding
mH2O:HX hydrate spectra of Figure 1A. In both series, the peak
maximum in the “OH” stretch region experiences a stepwise
blue-shift with increasingm value, from 2500( 100 to near
3200 cm-1. A second notable analogy is that the integrated band
intensity of the bands between 800 and 1800 cm-1, which in
both series form ) 1 is much less than that of the O-H stretch
modes, increases markedly form ) 2 to meet or exceed the
intensity in the stretch-mode region. The qualitative similarity
between mMeOH:HX and mH2O:HX spectra suggest a similar-
ity of basic structural units and thus assignment to (MeOH2)+(X-)
for m)1,((MeOH)2H+)(X-)for m)2,and(MeOH)2H+)(MeOH)-
(X-) for m ) 3. Form ) 2 and 3, the high intensity of broad
bands in the 800-1800 cm-1 range is ascribed to the strong
coupling of a series of vibrational excited states to the
asymmetric proton stretch of the methanol Zundel cation (see
Introduction).

3.2. nHBr:THF. The spectra for this system display a smooth
change with composition. It is therefore the first ether system
discussed. The amorphous and crystalline FTIR absorbance
spectra, for thin films of HBr and THF mixtures with acid-
ether ratios of 6, 4, 2 and 1, are presented side-by-side in Figure
7.

Like other spectra of this study, these are characterized by a
mixture of relatively narrow solvent bands and unusually broad
bands of the HX “molecule”; with the latter bands often
fragmented by superposed anti-resonances (or Evan’s holes13,24)
with narrow solvent states. Several strong narrow THF bands
result from Fermi resonance between overtone/combination
bands of low-lying fundamentals and the intense broad HX
transitions.

The spectra of pure THF nanoparticles (Figure 1B), lacking
these Fermi-resonance effects, are relatively free of intense
bands. When the overtone falls within a broad HX band, the
negative Evan’s-hole features can be “intense”, whereas in the
wings of such bands, the overtones often gain unusual positive
intensity.25 This makes it necessary to recognize fragmented
HX bands that appear to be multiplets but are actually broad
bands with superposed Evan’s holes or solvent resonances. The
overall effect is one of extremely rich spectra considering the

relatively few atoms within the cluster complexes that are
thought to make up the crystals.

A comparison of the amorphous and crystalline phase spectra
of Figure 7 is particularly revealing. Basically, the difference
between the two spectra,for a giVen acid-ether ratio, is one
of bandwidth only; that is, when the spectral resolution is
degraded to 20 cm-1, it becomes difficult to distinguish an
amorphous-phase spectrum from that of the corresponding
crystalline phase. The implication of this match between the
amorphous and crystalline spectra is a critical one, namely, that
both phases must be composed of similar basic structural units.

Given the close parallel between the amorphous and crystal-
line spectra, it is sufficient to focus on the crystalline-phase
spectra of Figure 7B. We consider first then ) 6 case. For this
and all other ratios, features above∼2100 cm-1, with the
exception of the C-H stretch modes of THF near 3000 cm-1,
can be assigned to HBr stretch modes, with the precise band
positions indicative of different positions within a basic repeat
unit. Other observable features for this 6:1 crystal are weak
narrow THF bands between 500 and 1800 cm-1.

Since the broad HBr band is centered near 2200 cm-1, the
maximum shift of the H-Br stretch-mode frequency, from the
gas-phase value of 2560 cm-1,26 is <500 cm-1. This indicates
that the H-Br bond experiences, at most, a moderate distortion
in the 6:1 crystal. The HBr frequency in the DME-HBr dimer
from the matrix-isolation study8a is 2050 cm-1. The higher acid
frequency observed in the 6:1 solid strongly suggests that the
ether O atom acts as adoubleacceptor in that instance. This
follows from the increase in acid frequency for HCl-ether
clusters upon addition of the second acid at the double-acceptor
position (observed in the DFT calculations and see Figures 4a,c
and 5a,b). Moreover, the matrix-isolated (DME)2HBr bifurcated
trimer displayed such a blue shift with respect to the DME-
HBr dimer; from 2050 to 2240 cm-1.8

A question remains: where, within the 6:1 crystal structure,
are the other four HBr molecules located? The remaining acid
features, at 2418 and 2465 cm-1, correspond to frequencies close
to those of solid HBr (2395 and 2431 cm-1). (Their lower
intensity is consistent with DFT calculations, which yield much
higher intensity for HX directly connected to O, than for other
acid molecules; see Figures 4 and 5 and Table 1.) One possibility
is two three-membered chains HBr‚‚‚HBr‚‚‚HBr connected to
the two lone pairs of the ether O-atom. Figure 5 d displays a

Figure 7. FTIR absorbance spectra of (A) amorphous and (B) crystalline thin films of nHBr:THF identified by the labelsn/1. Crystalline films,
scanned at 80 K, were formed by warming amorphous films prepared at 80 K.
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similar configuration for two such (two-membered) chains,
connected to DME. The problem with this interpretation is that
the acid tail lowers the frequency of the “leading” acid molecules
(i.e., the ones connected directly to O) back to the dimer value
(compare Figure 5, parts a, b, and d). It is possible that solid-
phase packing weakens the bonding of the “tail” molecules to
the “leading” ones, thus reducing the frequency shift. It is also
possible that the extra four molecules are disconnected from
the ones bound to O; in this context, one may note the ease
with which the extra acid can be pumped away to form the 4:1
solid (Section 2).

As the acid-ether ratio is reduced from 6:1, the acid bands
move smoothly to the red. By the time the composition reaches
1:1, the spectroscopic change is quite dramatic. All HBr
absorption is strongly red-shifted, appearing as a very broad
(∼500 cm-1) band, badly fragmented by superposed Evan’s
holes, but centered near 1400 cm-1, i.e., shifted 1160 cm-1 from
the gas-phase frequency. Again, the source of the Evan’s holes,
one of which splits the broad band into two parts, is clear from
the sharp THF bands of the other crystal phases. Clearly, all
HBr molecules are strongly distorted in the 1:1 crystal. The
frequency shift is slightly greater than the magnitude (1030
cm-1) reported for strongly distorted HBr molecules on the
surface of ice nanocrystals, which are considered on the verge
of ionization3. The large breadth and the low frequency of the
band suggest proton sharing between two heavy atoms.4

The simplest physical picture for the 1:1 structure is a solid
composed of [THF‚‚‚H+‚‚‚Br-] units, with the proton shared
between the halide and the O atom of the ether. We have one
computational example of such asymmetric proton sharing, in
a (H2O)7HCl-cluster structure shown in Figure 3e. This structure
was encountered in the course of exploration of possible acid-
solvating configurations in acid-water clusters.3 The corre-
sponding spectrum (Figure 2e) includes a very intense infrared
fundamental of the asymmetric proton stretch, similarly to
systems in which the proton is shared by two O atoms of the
same molecules (of water, methanol, or ether). The asymmetric
proton-sharing case corresponds, however, to a higher calculated
frequency, in accord with the present interpretation of the ex-
perimental data. This is since the HBr-THF 1:1 band is centered
near∼1400 cm-1, while in the dihydrate (H2O‚‚‚H+‚‚‚OH2)(Cl-),
the corresponding band is centered at∼1100 cm-1; see Figure
1A. Other examples of proton sharing between two nonequiva-
lent heavy atoms are known and have been discussed in ref 4
for a variety of systems.

Assuming that the present interpretation is correct, one should
note the striking difference between the isolated HBr:THF dimer,
which is molecular with slightly perturbed HBr (Figure 4b),
and the extended 1:1 solid, in which solvation is sufficient for
“halfway” proton transfer. This reflects the effect of mutual
solvation of the [THF‚‚‚H+‚‚‚Br-] units. The difference between
parts a and e of Figure 4 can be viewed as an initial step toward
such mutual solvation in the solid. Specifically, combining two
HX-THF units within a single cluster results in an added∼200
cm-1 frequency redshift. As a related case, one may compare
the H2O-HCl dimer (Table 1), which is molecular, versus the
nominally 1:1 H2O:HCl crystalline monohydrate, in which
complete proton transfer occurs (yielding the H3O+..Cl- ionic
structure (Figure 1A)). There, the ions mutually solvate each
other. Here, the hydrophobic part of THF prevents such full
proton transfer, so the limiting case of solid solvation corre-
sponds to proton sharing “only”.

The intermediate 4:1 and 2:1 spectra (Figure 7B) represent a
transition from the fully molecular 6:1 case to the proton sharing

1:1 case. In the 4:1 solid, two broad acid bands, with associated
structure, fall near 2106 and 2195 cm-1, with narrow THF bands
below 2000 cm-1. The situation changes markedly for the 2:1
crystal, as, in addition to a band at 2028 cm-1, a broad band
with superposed sharper resonant/anti-resonant features extends
from 1900 to 1700 cm-1. The origin of the sharp structure is
evident from the 4:1 spectrum, i.e., anti-resonance with the
narrow THF overtone bands in the 1700-2000 range. From
this view, the HBr stretch modes of the 2:1 crystal produce
intense broad bands centered at∼1785 and 2028 cm-1. In other
words, in addition to a “weakly” distorted molecular subset,
HBr[1], the 2:1 crystal has HBr[2] molecules with frequencies
shifted by∼800 cm-1, i.e., strongly distorted HBr but not yet
in the stage of proton sharing. Incidentally, the magnitude of
this shift is similar to that of the 1:2 HBr-DME cluster as
deduced from matrix-isolation spectra (820 cm-1 8a). Such
subsets of weakly and more strongly distorted HX molecules
will be referred to as HX[1] and HX[2], respectively, throughout
this paper.

A possible structural unit for the 4HBr:THF solid may be
related to the (HCl)4DME cluster shown in Figure 5d, an ether
molecule with two O‚‚‚HX‚‚‚HX chains attached to the oxygen
lone pairs. The cluster calculation yields however a nearly 300
cm-1 frequency splitting between the “leading” and “tail” acid
molecules. Even considering that for HBr the frequency range

TABLE 1: Summary of the Calculations for CH 3OH
(MeOH), DME, and THF ‚‚‚HX in
DFT/B3LYP/Aug-cc-pvDZa

system E(au) µ(D) RHCl (A)

νHCl/I
(cm-1)/

(kM/mol)

HCl -460.82771 1.2952 2925/38
HCl‚‚‚HCl -921.65777 1.3012 2877/293

1.2963 2899/46
H2O‚‚‚HCl -537.28117 1.3193 611/893
(H2O)2‚‚‚HCl -613.73857 1.3470 2266/1423
cyclic
CH3OH -115.74239 1.6556
CH3OH‚‚‚HCl -576.58026 4.030 1.3281 2477/1281.0
CH3OH‚‚‚2HCl -1037.41511 3.102 1.3123 2160/1697.2

1.3566 2669/621.7
(CH3OH)2‚‚‚HCl -692.33622 3.138 1.3707 2003/2088.1
DME -155.04602 1.2751
DME‚‚‚HCl -615.88436 3.953 1.3341 2405/1599.4
DME‚‚‚2HClbiff -1076.71849 4.003 1.3191 2562/1421.0

1.3191 2617/617.6
DME‚‚‚2HClcycle -1076.71789 4.839 1.3588 2122/2270.0

1.3115 2695/604.4
DME‚‚‚4HClbiff -1998.38433 1.086 1.3319 2376/2156.8

1.3086 2467/582.1
1.3319 2731/88.2
1.3086 2734/852.3

DME‚‚‚2HCl‚‚‚1HCl -1537.55158 2.678 1.3363 2365/1604/6
1.3164 2624/781.3
1.3097 2714/534.6

2DME‚‚‚2HCl -1231.77367 0.003 1.3552 2140/0.068
1.3552 2181/4166.1

THF-Cssymmetry -232.47892 1.6472
THF‚‚‚HCl -693.31894 4.700 1.3474 2239/1954.5
THF...2HClbiff -1154.15437 4.893 1.3262 2462/1710.2

1.3262 2536/783.2
THF‚‚‚2HClcycl -1154.15400 4.951 1.3957 1721/2626.4

1.3185 2607/805.0
2THF‚‚‚2HCl -1386.64264 2.176 1.3643 2050/1143.1

1.3613 2088/3262.1
HBr -2574.76318 0.8748 1.4319 2597/10.8
THF‚‚‚HBr -2807.25280 4.739 1.4940 1995/2058.9
MP2 HBr -2573.12466 0.9160 1.4200 2728/9.7
MP2 THF‚‚‚HBr -2804.92700 4.0354 1.4826 1976/2009.8

a In the bottom 2 lines, MP2 results are shown for THF‚‚‚HBr (for
comparison with DFT results).
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should be reduced with respect to HCl, the observed∼90 cm-1

frequency difference appears rather small for this assignment.
Most likely, mutual solvation of cluster units is sufficient to
red-shift the “tail” acid band.

In contrast, the∼250 cm-1 acid-band splitting in the 2HBr:
THF spectrum appears too large for a bifurcated structure such
as Figure 4c, in which two acid molecules are attached
symmetrically to the same ether O atom. An attractive alternative
to this strongly asymmetric double-acceptor bonding is a tandem
THF‚‚‚HBr‚‚‚HBr configuration (Figure 4d) for which the
“leading” acid molecule is significantly perturbed, even in the
cluster. The “tail” frequency must be then reduced substantially
with respect to the isolated cluster, by mutual solvation of the
clusters.

A close analogy exists between the band shifts for the four
members of the HBr-THF series and the sequential shifts
observed by Sobczyk (and described by Zundel4) for the crystal
system of pentachlorophenol complexed with amines of increas-
ing basicity. That is, the reported effect on a shared proton, of
increasing the basicity of an amine acceptor, parallels the effect
of increasing THF concentration in the HBr-THF crystal series.

3.3. nHCl:mDME. Amorphous films of five different HCl-
DME ratios readily convert to the corresponding crystal phases,
i.e., withn/m ratios 6/1, 4/1, 2/1, 1/1, and 1/2. Spectra of these
mostly acid-rich amorphous and crystalline films are presented
in Figure 8. There is little difference between the amorphous-
and crystalline-phase spectra for 6HCl:DME, HCl:DME, and
HCl:2DME, though crystallization is easily recognized by the
emergence of numerous sharp (∼3 cm-1) bands. Clearly, the
local structures of the amorphous and crystalline phases of these
three systems are similar, as was noted for each nHBr:THF case
in section 3.2; a fact that strongly suggests the presence of
similar basic structural elements. By contrast, there is a
noticeable change in the overall spectra for 4HCl:DME and
2HCl:DME with crystallization, as intense extremely broad
bands near 1750 and 1200 cm-1 (Figure 8A) are replaced by
distinct but broad bands in the 700-1700 cm-1 range. Only a

few very weak bands near 1200 cm-1 have bandwidths (∼4
cm-1) indicative of crystalline phases. Because of these few
narrow bands, plus the reproducibility of the spectra of samples
prepared by different methods (Section 2), and the sharp change
in spectra vs the amorphous phase, the spectra (Figure 8B) are
tentatively assigned tocrystalline4HCl:DME and 2HCl:DME.

There are both obvious similarities and marked differences
between spectra of the crystalline nHCl:mDME series and the
nHBr:THF series examined in section 3.2. Similarities include
(i) the stepwise red-shift of the molecular H-Cl stretch-mode
frequencies as the HX content decreases for the first three
members, (ii) the absence of any absorption indicative of weakly
distorted HCl in the 1:1 crystal (i.e., above 1800 cm-1), (iii)
the dominance of the entire 1:1 spectrum by a broad low-
frequency band badly fractured by superposed resonant and anti-
resonant states. The notable differences vs nHBr:THF include
(i) the emergence of strong broad low-frequency bands already
in the 4:1 (and 2:1) phase, (ii) the greater breadth and lower
frequency of the dominant band in the 1:1 phase, and (iii) the
existence of a 1:2 phase for which the broad low-frequency
bands are similar to those of the 4:1 and 2:1 phases, but
camouflaged by superposed DME bands from the additional
incorporated solvent molecules.

It follows that the main difference, with respect to the HBr
case discussed above, can be identified with an enhanced
propensity of HCl to form proton-sharing [ether‚‚‚H+‚‚‚Cl-]
units, which can even survive dilution by either acid or ether.
(It will be shown below that mHCl:THF displays qualitatively
similar behavior to mHCl:DME, so the main source of difference
is the acid, not the ether.) We focus first on the crystal spectra.
The broad structured band of 1:1 HCl:DME is centered near
1050 cm-1, as compared to∼1400 cm-1 for 1:1 HBr:THF,
suggesting more effective proton sharing in the former case.
For HCl:2DME, one might anticipate even more extensive
proton transfer to the solvent, as in (DME‚‚‚H+‚‚‚DME)(Cl-),
i.e., a DME analogue of the HCl dihydrate. However, the spectra
do not support this interpretation. Comparison of Figure 8B,

Figure 8. FTIR absorbance spectra of (A) amorphous and (B) crystalline thin films of nHCl:mDME identified by the labelsn:m. Crystalline films,
scanned at 80 K, were formed by warming amorphous films prepared at 80 K.
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bottom, with Figure 1B, bottom, reveals the presence of bands
of weakly perturbed ether molecules. Thus, we prefer an
alternative interpretation for HCl:2DME, that of a mixed proton-
sharing Zundel unit, [DME..H+..Cl-], solvated by the extra
DME. The narrowing of the asymmetric-proton-stretch band at
∼1100 cm-1, with respect to the 1:1 solid, can then be ascribed
to decoupling of proton motions of adjacent units,4 by the
intervening extra ether molecules.

A similar Zundel unit appears to be present in the 2HCl:
DME solid; as evidenced by the intense low frequency bands.
Here, the extra solvating HCl is likely to be connected to the
chloride end of [DME‚‚‚H+‚‚‚Cl-], although its frequency of
2290 cm-1 (Figure 8B) is substantially higher than that assigned
to HCl solvating the Cl- anion in HCl hydrates (2120 cm-1 3),
but a higher frequency is consistent with the incomplete proton
transfer in the Zundel unit. The low-frequency band pattern also
survives for 4HCl:DME, suggesting that even dilution by 3 acid
molecules does not seriously disrupt the Zundel unit. However,
the solvating-HCl band moves to the blue with respect to the
2:1 by more than 200 cm-1.

The 6HCl:DME spectrum is quite striking. The broad bands
in the 700-1700 cm-1 range, assigned to Zundel units in 4:1
and 2:1, are no longer present. Instead, three broad HCl bands
(or a single fragmented very broad band?) are present in the
1700∼2100 cm-1 range, together with bands of more weakly
perturbed acid molecules at 2500, 2588, and 2760 cm-1. It is
recalled that the 6:1 HBr-THF structure was interpreted above
in terms of the ether O atom acting as a double acceptor with
respect to two acid molecules, with the remaining acid solvating
this cluster. The HCl frequency in the matrix-isolated single/
double acceptor cluster with DME is 2310/2480 cm-1. DFT
calculations suggest that solvation by additional HCl, of the two
acid molecules in the double acceptor configuration, can bring
the HCl frequency down but only to near the isolated dimer
value; see Figure 5, parts a, b, and d. Thus, the observed 6:1
lower frequency band(s) are unlikely to originate from double-
acceptor configurations, despite the high concentration of the
acid. Such low frequencies correspond to strongly distorted acid
configurations, and (as discussed in the past3) single acceptor
bonding is required for significant bond stretching (as well as
for proton transfer). We therefore suggest that the 1700∼2100
cm-1 band(s) still originates from an [ether‚‚‚H+‚‚‚Cl-] unit,
with less developed proton sharing (proton closer to the chloride)

due to the substantial dilution by the additional HCl. (In these
systems, the proton-transfer unit is solvated best by its dupli-
cates.)

Comparison to amorphous-phase spectra reveals a most
significant difference for the 4:1 samples. In the 4HCl:DME
crystal, the low-frequency pattern indicates a proton-sharing
Zundel unit similar to 2:1. However, in the amorphous 4:1 solid,
the intense bands are blue shifted above 1500 cm-1, to the same
region as for the 6:1. It appears that, at this ratio, symmetry
breaking in the amorphous environment is detrimental to proton-
sharing. One may note related observations in other systems,
e.g., the enhanced presence of molecular acid in amorphous HCl
monohydrate, as compared to the crystal2 and predominantly
molecular nitric acid monohydrate in the amorphous phase,
versus the fully ionic crystal.27

Finally, another curious aspect of the mHCl:nDME spectra
is the possible observation of an overtone of the broad 1165
cm-1 band of the 1:2 phase at 2225 cm-1. This tentative
assignment, which may be especially useful, is based primarily
on the observation that, upon warming from 33 to 140 K, the
2225 band blue-shifts∼75 cm-1, as the 1165 cm-1 fundamental
blue-shifts by∼40 cm-1. If correct, this assignment implies a
relatively modest anharmonicity for a proton mode of an
analogue of the Zundel cation, reflecting quite a different
behavior than has been attributed to the gas-phase Zundel
cation.28

3.4. nHCl:THF. This acid-ether series is a hybrid of the two
considered above: the acid differs from that of the nHBr:THF
series of section 3.2 and the solvent is different vs the nHCl:
mDME series of section 3.3. There are minor variations, but
the spectra of both the amorphous and the crystalline phases of
nHCl:THF (Figure 9) parallel those of the HCl-DME series
for n (n/m) values of 6, 4, 2, and 1. The changing of the acid
of nHX:THF from HBr to HCl has more serious effects that
will be emphasized below. The influence of replacing HCl by
DCl in the HCl-THF series and HBr by HCl or DCl in the HBr-
THF series will also be examined (Section 3.5).

3.4.1. HCl-THF Phases. Consider first the minor effects from
replacing the solvent DME with THF (by comparing Figures 8
and 9). The spectra have the same form in regions above 2200
cm-1 where the weakly distorted HCl molecules absorb strongly.
Further, the amorphous phases of both series reveal broad bands
below 2200 cm-1 that red-shift rapidly with decreasingn value.

Figure 9. FTIR absorbance spectra of (A) amorphous and (B) crystalline thin films of nHCl:THF identified by the labelsn:1. Crystalline films,
scanned at 80 K, were formed by warming amorphous films prepared at 80 K.
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Surprisingly, this shift is somewhat stronger for DME than for
the more basic THF. This is most obvious in then ) 2 case for
which the THF system has a very broad band near 1400 cm-1,
whereas DME films have an equally broad band centered near
1200 cm-1. However, the several broad bands in the 700-1700
cm-1 range, that emerge for then ) 4 andn ) 2 “crystalline”
phases of both the DME and THF systems, not only occupy
the same frequency range but display very similar intensity
patterns. In particular, the band of greatestintegratedintensity
is near 1100 cm-1 for all 4 phases, as well as for HCl:2DME.
A stable localized analogue of a Zundel structure, nearly
insensitive to surroundings, is implied as noted in section 3.3.

The comparison of the spectra of the crystalline phases of
Figure 9B with those of Figure 7B shows the more dramatic
effect of replacing HBr with HCl. Though the broad acid-based
features for HBr-THF red-shift with decreasing acid content,
the shift is gradual and never to frequencies below 1200 cm-1.
In contrast, only the 6HCl:THF phase of the HCl-THF series
lacks broad bands scattered over the 1700-700 cm-1 range.
As with the nHCl:mDME series, the 4:1 and 2:1 “crystal” phases
contain bands for both weakly stretched HCl and HCl that
apparently achieves a proton-sharing structure analogous to the
Zundel cation. Also, for the reasons given for the DME series
in section 3.3, these intermediate phases are referred to as
crystalline although the spectral bandwidths suggest an element
of disorder. One may note that partial removal of the acid, from
the 2:1 solid, red-shifts the weakly bonded HCl band by∼140
cm-1 and may be indicative of an intermediate structure of some
stability, perhaps with a 3:2 ratio.

Interestingly, in the amorphous phase sequence, substantial
loss of proton sharing occurs already for 2:1, as opposed to the
4:1 ratio in the case of DME. This finding may be related to
the presence of the larger hydrophobic unit of THF, promoting
disruption of solvation during symmetry loss.

3.4.2. DCl-THF Phases.Shifts in band positions that ac-
company deuteration of the acid of the crystalline phases of
2HCl:THF and HCl:THF are shown in Figure 10. Since no
observable deuteration of the solvent occurs (e.g., no sharp C-D
bands appear in the region of 2000 cm-1), significant spectral
shifts can be directly related to modes associated with the
solvated acid. From the 1:1 spectra, it is apparent that the very
broad absorption centered near 1000 cm-1 is red-shifted by
250-300 cm-1 upon acid deuteration. This reflects a plausible
H-D frequency ratio of 1.3-1.4, similar to that observed for

the bands of the Zundel cation of the dihydrate of HCl (see
Figure 1A and ref 3).

A better determination of the deuteration shift of individual
bands is possible from the 2H(D)Cl:THF spectra of Figure 10
(left panel) in which positions of the distinct bands of the
different proton modes are labeled. Though resonant and
antiresonant THF-proton states create some uncertainty, the
average H/D frequency ratios are estimated to be 1.43( 0.03,
or the harmonic value within experimental error.

3.5. Variations on the Simple nHX:Ether Substances.
Because of the ease with which the acid molecules can diffuse
into or from the pure crystalline films described in the above
sections, they can be readily interconverted within a single
series. Beyond that, it is also possible to switch from one acid
to another, so as to grow crystalline films containing two or
more different HX species. For example, HCl can be allowed
to diffuse into the 1:1 HBr-THF crystal to convert it in
sequence to the 2:1, 4:1, and 6:1 crystals with a progressively
greater ratio of Cl to Br. Of course, the same sequence can be
accessed by using DCl rather than HCl. For this reason, one
can examine questions such as (1) in formation of the 2:1 film
containing equal amounts of HBr and HCl, do the molecules
partition in a preferential manner over the two quite different
sites that characterize the 2:1 phase and (2) does isotopic
exchange scramble the hydrogen isotopes over the acid mol-
ecules within the crystals? The results are quite striking and
strongly suggest that the O‚‚‚HBr bond to the ether is signifi-
cantly stronger than O‚‚‚HCl, despite reduced propensity for
proton sharing in the former case.

3.5.1 Results for HBr:THF with Added HCl.The spectra of
Figure 11A are all from crystal phases generated from the same
initial deposit of a 1:1 ratio of HBr and THF. The spectrum
(top) of HBr:THF matches the corresponding one of Figure 7B.
The other four spectra, reading from top to bottom, are from
crystalline complexes formed first by addition (2:1, 4:1, and
6:1) and then removal (4:1) of HCl through the gas phase. This
series of spectra is particularly informative. For example, the
2:1 mixed acid spectrum contains a single strong new HCl[1]-
stretch band at 2340 cm-1, whereas the HBr[1]-stretch band at
2028 cm-1 is weak compared to 2HBr:THF (Figure 7B). These
are the HX[1] bands of weakly distorted acid molecules. At
the same time, the HBr[2] band near 1790 cm-1 retains an
integrated intensity greater than the new HCl[1] band while no
band can be identified as HCl[2]. This shows with clarity that

Figure 10. FTIR absorbance spectra of thin crystalline films of left, 2HCl:THF (top) and 2DCl:THF and right, HCl:THF (top) and DCl:THF.
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the HBr molecules preferentiallyretain the more strongly
solvating (distorting) sites while leaving weaker binding sites
for the added HCl. Since the computed absolute intensity of
the H-X stretch mode increases with HX distortion (Table 1),
the ratio of integrated intensities of the HBr[2] and HCl[1]
bands, being somewhat greater than unity, is consistent with a
phase transition from the 1:1 HBr-THF to the 2:1 phase with
incorporation of∼50% HCl. The 2HBr:THF structure was
tentatively interpreted above as one with THF acting as a single
acceptor to the HBr[2] molecule, with an additional HBr[1]
connected in tandem to HBr[2]. In the mixed HCl:HBr:THF
structure, HBr appears to bind to the ether O, and HCl to HBr.

The middle spectrum of Figure 11A is of the 4:1 crystal phase,
formed by again doubling the acid content to give an HCl/HBr
ratio of 3/1. The HCl[1] band (2480 cm-1) is dominant over
the HBr[1] absorption (Figure 7B) centered near 2150 cm-1,
as required by the 3/1 ratio. Continued uptake of HCl produced
the 6:1 phase of 83% HCl and 17% HBr with the indicated
spectrum clearly dominated by a broad HCl[1]-stretch absorption
also centered near 2480 cm-1. However, the HCl spectrum,
including the single very weakly shifted 2780 cm-1 band, differs
markedly from the pure 6HCl:THF spectrum of Figure 9B. This
difference carries over to the many sharp THF bands as well.
On the other hand, the THF fingerprint of each of the spectra
of Figure 11A matches well the corresponding pattern and
precise band positions of the pure HBr-THF crystal spectra of
Figure 7B; that is, differences caused by variation of the overall
acid-ether ratios are greater than from replacing most of the
HBr by HCl within a given phase.

It appears that HBr, present in compositions with acid-ether
ratios ranging from 2:1 to 6:1 with a content that varies from
1/2 to 1/6th of thetotal HX, dictates the general nature of the
adopted crystal structures, a nature which, like that of the 2:1
to 6:1 crystals of pure HBr with THF (Figure 7), lacks any
Zundel component. In no case do the spectra show the intense
broad low-frequency bands present in spectra of all except the
6:1 phases of the pure HCl-THF (or HCl-DME) crystals.
Finally, the bottom 4:1 spectrum of Figure 11A, when compared
with the middle spectrum of the same phase, shows the
reproducibility of spectra for samples separated by an HCl-load
and -pump sequence; and thus, the preferential retention of the
HBr. It appears that despite the enhanced tendency for proton

sharing, HCl makes a weaker bond to the ether O-atom than
does HBr. One possibility is that the 3HCl:HBr:THF and 5HCl:
HBr:THF include double acceptor configurations in which the
ether O is bonded to one HBr and to one HCl. If double acceptor
configurations are in fact present in 4HBr:THF and 6HBr:THF
(as suggested in the interpretation of section 3.2), then similarity
of spectra suggests presence of double acceptor configurations
in the “mixed” cases as well. The acid frequency in the matrix-
isolated double-acceptor complex (HCl)2DME is 2480,8a similar
to the HCl frequency in 3HCl:HBr:THF and 5HCl:HBr:THF.

3.5.2. Results for HBr:THF with Added DCl.The question
is whether the preferred O‚‚‚HBr binding (section 3.5.1) reflects
the kenetics rather than the thermodynamics of the system, since
the HBr is initially bound to the ether O atom. The following
results with HCl replaced by DCl strongly suggest that kinetics
is not the reason and that the ether‚‚‚HBr bond is in fact stronger.

Paralleling Figure 11A, the crystal phases that yielded the
two middle spectra of Figure 11B were based on an initial 1:1
crystalline film of HBr:THF (top spectrum), but modified by
the uptake of DCl rather than HCl. The spectra of the 2:1 phases
can be compared with that of the corresponding phase with
∼equal amounts of chloride and bromide (Figure 11A) but
lacking any deuterium. Of these two middle spectra of Figure
11B, the top one followed direct DCl uptake into the 1:1 HBr-
THF film and, thus, reflects the presence of roughly equivalent
molar amounts of bromide, chloride, hydrogen, and deuterium.
The lower-middle spectrum is also of the 2:1 crystal but after
load-pump cycling of the same sample through the 6:1 crystal
phase in which both the D/H and Cl/Br ratios attained levels of
∼5/1.

Isotopic scrambling among acid molecules, presumably
through an ionic process, is clearly extensive in the direct uptake
of DCl as shown in the top 2:1 spectrum of Figure 11B. Isotopic
exchange occurred between HBr and DCl. No DCl bands are
observed, and theVisible Cl resides entirely in the weakly
bonded HCl[1] band at 2340 cm-1. Both HBr[2] and DBr[2]
are intense. DBr[1] and HCl[1] are much more intense than
HBr[1]. It is well-known that in hydrogen-bonded systems
deuterium adopts preferential positions corresponding to zero-
point-energy lowering.29 However, understanding of the ob-
served pattern would require a detailed vibrational analysis along
with absolute intensity data for the various hydrohalide bands.

Figure 11. (A) FTIR absorbance spectra of 1:1 crystalline HBr:THF and acid-rich crystalline phases from HCl uptake into the HBr:THF film. The
bottom spectrum is after reversal of HCl uptake with conversion back to 4HX:THF from 6HX:THF. (B) FTIR absorbance spectra of 1:1 HBr: THF
and 2H(D)X:THF formed by DCl uptake into the 1:1 film (see text for details). The bottom spectrum is that of crystalline pure 2DCl:THF also
presented in Figure 6.
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Flooding of the system with DCl, as in the next spectrum (third
from the top), results in extensive, though quite incomplete,
replacement of HCl[1] by DCl[1] (at 1720 cm-1) and nearly
complete suppression of the HBr[2] band. The THF bands are
nearly unaffected, and despite the high exposure to DCl, this
spectrum, for a structure dictated by the minority H(D)Br
species, is very different from the 2DCl:THF bottom spectrum.
The efficient isotopic exchange between DCl and HBr suggests
a significant extent of mobility in the system. Thus, the
persistence of the DBr[2] band is unlikely to be caused by a
kinetic effect from a high barrier to removal. These observations
suggest that the DBr-ether bond is stronger than the DCl-ether
bond (consistent with the greater acidity of the hydrobromic
acid).

Summary

Acid solvation in the liquid phase has been extensively studied
in the past, whereas solvation in the crystal phase has received
much less attention. However, recently much effort was devoted
to acid hydrates, motivated largely by their atmospheric
significance.2,3,30 In contrast to liquid solutions, solid-phase
solvation accompanies the formation of distinct crystals of well-
defined composition ratios. Mixed acid-solvent crystals offer
unique opportunities to generate a range of distinct and
potentially well-defined solvating environments and to probe
the induced extent of proton transfer.

Here, we have addressed HCl and HBr solvation by methanol
and two ethers (DME and THF) in the solid (crystal and
amorphous) phase. In the course of the study, several new mixed
crystals were discovered: mMeOH:HX,m ) 1-3; nHX:ether,
n ) 1, 2, 4, and 6; and HCl:2DME was observed as well. The
solids display a strikingly broad acid-solvation range, extending
from slightly stretched HX molecules, via H-bonding, to full
proton sharing with the solvent. Although ultimate determination
of the crystal structures must await diffraction studies, consider-
able insight was gained from the analysis of the spectra in
conjunction with DFT calculations on mixed acid-solvent
clusters and related protonated-solvent cations.

Acid solvation by methanol was found to parallel that by
water. Mixedionic solids analogous to hydrates were observed.
Thus, in crystalline MeOH:HX, the cation appears to be the
hydronium analogue, MeOH2+, whereas the cation in mMeOH:
HX, m ) 2 and 3, was identified with the Zundel form
(MeOH)2H+.

Mixed acid-ether crystals display an entirely different
physical behavior, attributed to the added hydrophobic groups
and lack of proton-donating OH groups to solvate the anions.
The result is an apparent absence of acid ionization, beyond
proton sharing. In contrast to water and methanol, acid-solvent
ratios (much) greater than one were observed. The range of acid
states extends from slightly distorted molecular HX, to Zundel-
like ether O‚‚‚H+‚‚‚X- proton-sharing units. The 1:1 acid-ether
crystal structures are viewed as a periodic pattern of such units,
with proton sharing much enhanced by their mutual solvation.
The assignment is based on a lack of molecular acid bands and
the presence of broad intense low-frequency bands characteristic
of proton-sharing systems.

The Zundel-like units of HCl-ether solids are insensitive to
environment, surviving dilution by the ether or the molecular
acid. Essentially unshifted intense low-frequency “Zundel”
bands are observed for a range of compositions, including HCl:
2DME, 2HCl:DME, and 4HCl:DME. In the latter two cases,
the excess acid, solvating the Zundel units, was identified by
intense bands of “weakly” perturbed molecular HCl. Even in

the case of 6HCl:DME, some strongly distorted HCl is present
in the system. Similar behavior was observed for nHCl:THF.
By contrast, in the case of nHBr:THF, a distinct proton-sharing
spectral signature was observed for the 1:1 solid only. Crystals
of higher HBr:THF ratios display molecular HBr bands with a
range of red shifts. Configurations, in which the ether O atom
acts as a double acceptor for acid, appear to be present in the
nHBr:THF n ) 4 and 6 solids. Within the same crystal system
the HBr-ether bond seems stronger than the HCl-ether bond,
despite the enhanced propensity of the latter for proton-sharing,
a conclusion based on spectra of mixed 2:1 HBr/HCl-ether
systems. This property may underlie a tendency for HBr to
“choose” the crystal structure in mixed HBr-HCl systems.

Much remains to be understood regarding the present results
as well as related studies of the hydrates.2,3 A number of
intriguing questions have been raised by these studies of mixed
acid-solvent solids. What acid-solvent ratios are preferred by
different combinations of constituents and for what reasons? It
may not be surprising that similar acid-solvent ratios were
obtained for water and methanol, both of which include proton
donating and accepting groups. However, why do these ratios
never exceed one, whereas for the ether solvents, ratios as great
as 6 were observed? At the other limit, why is the acid-water
ratio in the crystal hydrates limited by 1/6? Liquid water is an
excellent solvent of isolated HCl molecules; but solubility in
ice, as low as a part per million,31 reflects an extreme difference
in liquid vs solid solvation. Finally, why do fully ionic ether-
acid crystals appear to be nonexistent? For ethers, one could
reasonably expect a stable ionic crystal with a Zundel-like cation,
(ether)2H+, and a halide anion. Although the HCl:2DME phase
was in fact observed, the spectra indicate a proton-sharing acid-
ether unit with a subset of weakly perturbed ether molecules
acting as “filler”.

Another conceptually interesting issue is the relation between
crystal and amorphous acid-solvent phases. At sufficiently low
temperatures, amorphous solids of any composition can be
prepared. We found, however, that at temperatures at which
transient molecular mobility is present during sample deposition,
the range of amorphous mixtures that can be prepared is spanned
approximately by the range of compositions of the crystalline
solids. Excess acid or solvent are excluded from the solid
mixture. The question raised also includes the relation between
local structures found in the crystals and in the amorphous solids,
and the validity of the concept of nucleated amorphous phases.32

Here, a variety of behaviors was noted. In the case of HBr-
THF, the amorphous-phase spectra are a broadened version of
those of the crystals of the same acid-ether ratios, strongly
suggesting similar local arrangements which vary sharply with
composition. The case of amorphous hydrates appears to be
quite different. Crystal mono- and hexahydrates include exclu-
sively the hydronium cation, whereas the Zundel form is the
basic unit of the di- and trihydrates.1 On the other hand, all
amorphous hydrates, from mono- to hexahydrate, display
spectral evidence for coexistence of both cation forms, with
varying abundances.3 In some cases, the loss of symmetry in
the amorphous phase results in even more marked structural
differences with respect to the crystal. For example, in the ionic
acid monohydrates, solvation is enhanced by symmetric mutual
arrangement of ionic units (note that HX-H2O dimers are
molecular), whereas loss of order in amorphous HX monohy-
drates results in a significant increase in the spectral signature
of the molecular HX2,3 (and in the case of nitric acid, the
amorphous monohydrate is predominantly molecular27). A
related result was discussed above for 4HCl:DME, 4HCl:THF,
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and 2HCl:THF. The crystal spectra include the signatures of
the proton-sharing ether O‚‚‚H+‚‚‚Cl- units, which, in the
amorphous solids, are replaced by bands of strongly perturbed,
but molecular, HCl. Loss of symmetry in the amorphous phase
commonly results in reduced solvation efficiency.

Appendix. Computational Approach: Calculation of
Equilibrium Structures and Vibrational Frequencies of
(HX)n(Ether)m Clusters

The main difficulty in the interpretation of the HX-solvent
crystal spectra is the lack of knowledge of structure of the
different materials. Ab initio calculations were therefore carried
out on various acid-ether clusters and methanol-acid struc-
tures. The objective was to elucidate the extent of acid stretching,
and the corresponding frequency shift, as a function of size and
configuration. In addition, equilibrium structures and harmonic
frequencies were calculated for hydronium-like and Zundel-
like protonated ether and methanol ions. The structures of all
monomers and complexes were optimized by means of the DFT-
B3LYP method, with the augmented correlation consistent basis
set aug-cc-pvDZ.33 This basis set is the largest that could be
used for the largest cluster size. This method and the basis set
were retained for smaller clusters as well, to obtain trends as a
function of size on a consistent level of accuracy. The “tight”
or “very tight” options were used in all geometry optimizations.
Energies were converged to∼0.01 mirco-Hartree, and the
corresponding root-mean-square deviations of energy gradient
with respect to nuclear coordinates were about 10 micro-Hartree/
Bohr.

The resulting energetics, HX bond lengths, dipole moments,
harmonic frequencies, and band intensities, for molecular
structures of MeOH, DME, and THF interacting with the acid,
are reported in Table 1. The results for water-acid clusters,
which are shown for comparison, were adopted from ref 3. The
acid-water and acid-methanol dimers are O-bonded. The
trimers are cyclic. Most of the acid-ether clusters are displayed
in Figures 4 and 5. Note the typically very high intensity of the
HX-stretch mode for O-bonded HCl molecules in all of the
clusters.

Table 2 shows the ab initio results for protonated cluster ions
of water, methanol, and ether. The structures of the Zundel-
type ions are shown in Figure 3, and the corresponding harmonic
spectra are shown in Figure 2. Each spectrum includes very
intense bands corresponding to the O‚‚‚H+‚‚‚O asymmetric

stretch. In the case of THF, this motion contributes to three
intense fundamentals. We also have one example of asymmetric
proton sharing between Cl and O, which is relevant to the
present study. Specifically, in a previous investigation of mixed
water clusters with HCl, an (H2O)7‚‚‚HCl structure was obtained
in which R(H‚‚‚Cl) ) 1.43 Å andR(H‚‚‚O) ) 1.38 Å (MP2-
level calculation in aug-cc-pvDZ basis; structure (k) of ref 3,
here displayed in Figure 3e). It is seen that a very intense
asymmetric stretch band is also present in the case of proton
sharing between O and Cl. The exact frequency values for the
different Zundel-type ions should not be taken too seriously,
since anharmonic corrections are expected to be large.6 How-
ever, the qualitative result that a very intense band below 1500
cm-1 indicates proton sharing between two heavy atoms is likely
to be correct.
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