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The possibility of the formation of water-glycerol clusters in the gas phase is studied in connection with an earlier 
observation of the absence of sputtering of such clusters under fast-atom bombardment (FAB) of frozen water- 
glycerol solutions. It is shown that, during interactions in the gas phase under field ionization mass spectrometric 
conditions, the formation of mono- and dihydrates of glycerol (G) is possible, which ultimately result in GH’ and 
G - H,O - H+ ions in the mass spectra. The use of heavy water allows the observation of a comprehensive process 
of exchange of mobile hydrogens of glycerol with the deuterium of heavy water in the course of the interactions 
of the neutral molecules in the gas phase. The possibility of clustering of glycerol with water in admixture in the 
gas-phase under field ionization and the absence of this phenomenon in the case of condensed samples under FAB 
conditions confirms a suggestion about the mechanism of ion formation from frozen mixtures under low- 
temperature FAB. This phenomenon consists in the separate sputtering of neat water and glycerol clusters from 
separate surface domains of different chemical composition, the domains being formed due to phase separation 
during the freezing of solutions. 

The peculiarities of the intermolecular interaction of 
glycerol with water via hydrogen bonds form the basis of 
the valuable hydration properties of glycerol, that are 
widely applied in the pharmaceutical, cosmetics and food 
industries. One of the applications of glycerol lies in its role 
as a cryoprotector and depends upon the changes of the 
parameters of the phase transitions of water in the presence 
of glycerol. In our previous study of frozen water-glycerol 
solutions by means of low-temperature (LT) fast-atom 
bombardment (FAB) mass spectrometxy’z2 it was found that 
no mixed water-glycerol clusters are formed under condi- 
tions in which large clusters of water (H,O),H+ (n= 1-20) 
and of glycerol G,H+ (rn=1-3) are sputtered simultane- 
ously. On the basis of the analysis of a number of LT FAB 
mass spectra of frozen mixtures, it was suggested that the 
process of cluster sputtering in LT FAB is sensitive to the 
morphology of the sample surface, and originates from 
component separation in the mixtures during freezing. 
Clusters of individual substances are sputtered from sepa- 
rate regions of concentration, while a necessary prerequisite 
for the formation of mixed clusters is the possibility of the 
mixing of the components in the solid state, either during 
co-crystallization or homogeneous amorphization. The 
morphology of the frozen water-glycerol solid3* allows 
independent sputtering of water clusters from the pure ice 
crystallites and of glycerol from eutectic The 
concentration of glycerol at the eutectic point is 66.7% by 
weight? corresponding to a ratio of 2.5 water molecules to 
1 glycerol molecule, which would seem to provide the 
possibility of mixed water-glycerol sputtering. But a rather 
complicated temperature behavior of the water-glycerol 
eutectic mixture may hinder this process. Upon heating of 
the sample, pre-cooled to liquid nitrogen temperature, 
crystallization of water in the glassy eutectic takes place at 
a temperature value of - 75 to - 83 OC? which is a little 
lower than the temperature threshold for sputtering of 
glycerol ions.’ There is a possibility of the existence of so- 
called strongly bound water, which remains bound to solute 
molecules at low temperatures and thus is not involved in 
formation of water crystals. Nevertheless water-glycerol 
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clusters are not recorded even over a wide temperature 
range of measurements. In this connection, the question 
arose as to whether stable mixed clusters of water and 
glycerol can, in principle, exist in the gas phase, as it had 
been shown earlier that some compounds with donor- 
acceptor functional groups do not form clusters with water 
due to some peculiarities of their electron and geometrical 
 structure^.^ 

One of the methods for the study of weak van-der-Waals 
and hydrogen-bonded associates is field ionization (FI) 
mass spectrometry. Its potential has been demonstrated with 
model studies of hydration of bi0molecules.6~’ The tech- 
nique was applied in the present work to elucidate the 
possibility of formation of stable water-glycerol associates 
in the gas phase and to study the peculiarities of water- 
glycerol intermolecular interactions. 

EXPERIMENTAL 
Water-glycerol interactions in the gas phase were studied 
by means of a variation of the FI mass spectrometric 
technique, that had been developed earlier for the study of 
the hydration of biomolecules.6 A dedicated FI ion source, 
described elsewhere? was used. A tungsten needle-typer 
emitter was employed; the emitter potential was kept 
constant at +5 keV and the counterelectrode potential was 
varied from - 1 to - 5 keV. Provision was made for 
resistive heating of the emitter up to 200 “C. 

A special sample-introduction system was used to ensure 
stable monomolecular flows of the substances under high 
vacuum conditions (Fig. l), which included two separate 
glass evaporators. A crystalline hydrate CuSO, 5H,O was 
utilized as a source of a water vapour monomolecular flow, 
stable due to the constant water-vapour pressure over the 
solid surface of the crystalline hydrate at any given 
temperature. For the analogous desorption of D,O, the 
crystalline hydrate CuSO, - 5D,O was produced.* When 
D,O was being investigated, the measurements were started 
only after at least 2-3 hours of high vacuum pumping of the 
ion source with samples inserted, to ensure the removal of 
much of the background undeuterated water. 

To obtain a directed vapour flow of glycerol, a 0.5 FL 
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Figure 1. Samples introduction system of the field ionization ion source, 
dedicated to the study of intermolecular interactions in the gas phase. 

droplet was deposited into the second glass evaporator, 
where it was adsorbed on cellulose fibers to avoid 
hydrodynamic effects of sputtering of microdroplets of 
viscous liquid during pumping. The described sample inlet 
system can maintain the pressure in the ion source at a value 
s 1 . Pa. 

A sector magnetic mass spectrometer, MI-1201 ('Elec- 
tron' Works, Sumy, Ukraine) was used. 

RESULTS AND DISCUSSION 
The measurements of FI mass spectra of the water-glycerol 
mixture were accompanied by some effects characteristic of 
polar substances. In the presence of an excess of glycerol, 
signals from water could not be detected and the total ion 
emission stopped a short time interval after applying the 
high field. To restore the ion emission, heating of the FI 
emitter up to nearly 100 "C was necessary. The phenome- 
non described is connected with the known effect of the 
directed movement of polar molecules in the high electric 
field and field attra~tion.~, Glycerol molecules, having a 
dipole moment (p=2.68Di0) higher than that of water 
(1.84 D)," are adsorbed at the emitter surface first, thus 
shielding it from water molecules. At a certain thickness of 
the adsorbed layer field ionization is terminated. Optimiza- 
tion of the glycerol concentration and the emitter 
temperature allows one to obtain a stable ion current, but the 
intensity of water signals usually does not exceed the GH' 
ion intensity. 

In the FI mass spectrum of neat glycerol the most 
abundant ion corresponds to GH+, mlz 93. There are also 
weak (<5%) ions G+*, mk 92, and [G-HI', m/z 91. The 
latter ion species is a wirness to intermolecular interactions 
via hydrogen bonding and is formed by a mechani~m:~ 

( 1 4  

[G - HI' (1b) 

G + G+2d[2G]  +*+ [G + HI + + (G - H)' 
In 

The abundance of protonated dimer ions G2H+, m/z  185, 
is somewhat lower than that of monomer ions, GH', but of 
the same order of magnitude, and is sensitive to variations 
in emitter temperature and field strength. Higher clusters, in 
contrast to what is observed in FAB, are absent. One should 

keep in mind, however, that in the gas-phase FI conditions, 
neutral clusters are initially formed, and one of the 
components of this association serves as a source of a 
proton in the formation of the protonated species. Thus, the 
abundant G2H+ ion originates from virtually unstable trimer 
(m = 3): 

Gm-,+G--.Gm~[G,,,]+'+Gm-, *H++(G-H)' (2) 
Fragmentation of glycerol under FI conditions is different 
from that in FAB: the main complementary fragments are 
m/z  31 [CH,OH]+ and m/z  61 [C2H3(0H)2]+.i1 

Water under FI at room temperature produces clusters 
(H,O),,H+, n= 1-5." Heavy water, under our experimental 
conditions, can undergo minor hydrogen-deuterium 
exchange with background (non-deuterated) water, and in 
this connection not just single peaks but groups of peaks 
with a number of masses equal to all those possible for 
every combination of light and heavy isotopes are present. 
The most abundant peaks are due to the ions D,O*, m/z 22, 
and D2HO+, m/z 21. 

In the FI mass spectrum of a mixture of normal water and 
glycerol vapours, only one new peak different from those 
described for the monomers appears, corresponding to the 
protonated association of glycerol with one water molecule 
G - H,O * H+, m/z  11 1. Larger heteroclusters were not 
observed. 

The following general mechanism of formation for 
hydrates of organic molecules has been propo~ed:~ 

G(H,0),~[G(H20),,]+'+[G - (H,O),,- I H]++OH (3) 
According to this scheme, the GH' ion is formed from the 
monohydrate and the [G - H20 H]+ ion from the dihydrate. 
Thus, it may be concluded, that glycerol can associate with 
one and with two water molecules in the gas phase. The 
addition of these two water molecules changes the elec- 
tronic parameters of the glycerol molecule in such a way, 
that the interaction at its third hydrogen-bonding site (OH 
group) becomes unfavourable. 

As to the possibilities of other mechanisms of formation 
of G(H,O),H+ ions, it was proven earlier, that ion-molecule 
reactions characteristic of chemical ionization, e.g. cluster- 
ing of neutral glycerol with H,O+ or proton transfer, are 
impossible under FI conditions due to the rapid extraction of 
the primary positive ions by the accelerating field. The time 
taken by an ion to cross the reaction zone near the emitter 
surface is of the order of 10-12-10-13 s, which is insuf- 
ficient for ion-molecule collisions which occur 
approximately once every lo-" s, under the experimental 
conditions described? 

It should be mentioned that a certain fraction of the GH' 
ions may originate from glycerol dimers by Reaction (la), 
but the ratio of the yields from Reactions (3) and (la) is hard 
to estimate. The same is true of the formation of the 
protonated dimer of glycerol G2H+, in which the proton 
may come either from the third glycerol molecule or from a 
water molecule. In any case, the absence of [2G * H20 - H]+ 
and higher clusters points to the possibility of the interaction 
of glycerol dimer with only one water molecule (resulting in 
G,H+ ions) and, essentially, a competition between hydra- 
tion and dimerization of glycerol. 

To obtain additional information about the source of 
protons in clusters, heavy water was used. But this does not 
give an unambiguous answer, as under these conditions the 
FI mass spectra undergo substantial changes connected with 
the hydrogen-deuterium exchange process, which are 
dependent on the relative quantity of heavy water and the 
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m/z 
Figure 2. Fragments of FI mass spectra of the mixture of vapors of heavy 
water and glycerol in different concentrations (concentration of D,O in (a) 
is higher than in (b)). 

field strength. In Fig. 2(a) and (b), fragments of the FI mass 
spectra of water-glycerol mixtures with different ratios of 
normal to heavy water are presented. In these cases the 
masses corresponding to deuterated (XD' ions) of mono- 
mer, dimer, and hydrate are followed by groups of peaks, 
which point to the occurrence of a hydrogen-deuterium 
exchange process. The analogous groups of peaks at the 
masses expected for polyhydrates of glycerol monomer and 
dimer are absent. 

The mass values in the groups of peaks show that all 
mobile hydrogens of the glycerol molecule may be 
substituted by deuterium. At higher concentrations of D,O 
the extent of exchange, naturally, increases (Fig. 2(a), (b)). 
The process of hydrogen-deuterium exchange may be 
described as follows. It is known, that the distribution of 
ions in FI mass spectra reflects the distribution of neutral 
particles, formed in the reaction zone near the surface of the 
FI emitter? In this zone, multiple collisions of the molecules 
take place, leading to formation and decay of hydrogen- 
bonded clusters. There is a certain possibility that, during 
the lifetime of a cluster based on the water-glycerol pair, an 
exchange event may occur. Several subsequent steps of 
formation and breaking of clusters may end in the 
substitution of the three mobile hydrogens on the OH 
groups of glycerol. The time-scale involved allows these 
processes. The mean lifetime of particles (molecules, 
clusters) in the neutral state near the FI emitter surface 
before they are ionized is of the order 10-6s6.9 and, as 
mentioned earlier, the time interval between particle 
collisions is ca. lo-'' s. The time necessary for deuterium 
exchange when collision partners are in contact is roughly 
equal to the time for a proton transition between two 
positions in the hydrogen bond, which is ca. 

It is obvious, that the reverse exchange of deuteriums in 
the substituted glycerol molecule back to hydrogens can 
occur in the complex with any hydrogen-donating agent 
such as some other glycerol molecule or HOD species. It is 
hard to make a quantitative estimate of the contribution of 
all these processes to the final distribution of the exchange 
products, present in the spectra in Fig. 2. Nevertheless, one 
interesting peculiarity concerning the dimer of glycerol 
should be mentioned. The number of mobile hydrogens in 
such a dimer, plus the charge-donating proton/deuteron is 
equal to seven, but the peak corresponding to the presence 
of seven deuterium in the dimer is somewhat lower than 
may be expected from isotopic distribution estimates. This 

s. 

may be regarded as a sign of the larger residence time of one 
of the protons which is engaged in the stabilization of the 
dimer, by H-bondI3 and thus temporarily excluded from the 
further steps leading to exchange. 

The use of heavy water enabled us to register hydrogen- 
deuterium exchange between water and glycerol in the gas 
phase, but the exchange of protons, naturally, occurs in the 
case of ordinary water. In contrast to the liquid and gas 
phase, the proton transfer between water and glycerol 
molecules is absent in the case of solid frozen solutions. It 
is impossible to use heavy water to confirm this, as the 
hydrogen-deuterium exchange would be completed in the 
liquid before it freezes. But a characteristic feature of LT 
FAB, i.e. the abundant formation of (H,OXH+ water clusters 
and absence of glycerol characteristic ions at the lowest 
temperature range, provides evidence that the protons of 
water (ice) are not involved in the formation of GH' ions. 
The production of GH' ions only starts at a temperature 
value at which the molecular mobility in glycerol itself 
becomes sufficient for occurrence of ion-molecule reac- 
tions. It was mentioned earlier that the eutectic phase, 
containing both water and glycerol, may be solidified 
amorphously on rapid freezing down to liquid nitrogen 
temperature. The increase of molecular mobility on warm- 
ing affects not only glycerol, but water molecules too. This 
allows water molecules, evenly spread in the amorphous 
eutectic, to assemble as ice crystals. The temperature value 
for the threshold of GH' ion sputtering from glycerol 
roughly coincides with the crystallization of water.'. Thus, 
this fraction of water is also excluded from direct inter- 
molecular interactions with glycerol molecules in the solid 
state. The low intensity of G * H,OH H' hydrate obtained 
under FI conditions with a large excess of water demon- 
strates that the small quantities of the so-called strongly 
bound water, which may essentially remain bound to 
glycerol, are certainly insufficient for the formation of a 
detectable amount of heteroclusters, and may only make a 
very small contribution to the abundance of GH' . 

As the possibility of clustering of water with glycerol in 
the gas phase has been demonstrated in the present work, it 
is evident that such gas-phase interactions are absent under 
LT FAB conditions. Obviously, the pressure of the sponta- 
neously sublimed and sputtered particles over the surface of 
the frozen sample is insufficient for the mixing and 
association of water and glycerol in the gas phase. 

The results of the above discussion lend support to the 
validity of the model based on sputtering of clusters of 
different substances from separate phases of the frozen 
solution under LT FAB conditions. 

CONCLUSIONS 
Analysis of the FI mass spectra of a gas-phase mixture of 
water and glycerol vapours provides information about the 
possibility of cluster formation between glycerol and one or 
two water molecules in the gas phase. Evidence is provided 
by the presence in the spectra of GH' and G * H,O H', 
formed due to decay of hydrate associates via characteristic 
me~hanism.~ Hydrates of the glycerol monomer with a large 
number of water molecules as well as hydrates of the dimer 
(except for an uncertain preparation of G,H+ ) are absent in 
the spectra, which may be connected with the unfavour- 
ability of the existence of such structures in vacuum and the 
competition between hydration and dimerization processes 
for glycerol. 

The use of heavy water demonstrated the high rates of 
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exchange for all mobile hydrogens in glycerol with 
deuterium in heavy water in neutral gas-phase associations. 

The data obtained show that, under conditions which 
provide a sufficient concentration of water and glycerol in 
the gas phase mixture, mixed water-glycerol clusters are 
formed. The absence of this type of cluster under LT FAB 
conditions indicates that the above conditions are not 
fulfilled simultaneous sputtering of water and glycerol to 
the gas phase is impossible due to phase separation in the 
frozen sample and spontaneous sublimation does not 
provide the necessary concentration of vapours over the 
sample surface at low temperatures. This provides support 
to the earlier proposed model of ion formation under LT 
FAB conditions' whereby the sputtering of water and 
glycerol (as well as any other component of the frozen water 
solutions) occurs independently from spatially separated 
surface domains of the frozen water-glycerol solution. 
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