10090 J. Phys. Chem. A998,102,10090-10098

Structure of Protonated Ethanol; Thermal Energy Effects Studied by Mass Spectrometry
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C,HsOH;t, C;HsOHD™, and GDsOHD™ have been studied using high-energy collision-induced decomposition
(CID) mass spectrometry. The spectra, in particular the isotope distributions in the CID product ions, vary
significantly depending on the reaction conditions of pressure and temperature under which the protonated
ethanol or its deuterated equivalents are creategHs@HD" and GDsOHD* were formed specifically by

the deuteron or proton exchange reactionsggDgE)H/C,HsOH and (GHsF)D1/C,Ds0OD, respectively. The
reaction exothermicity is too small to allow the formation of the isomeric deuterated ethylexter complex
(=C,H4H30™) or isotope scrambling in the ion source. The variations in the CID spectra, dependent on the
precursor ion temperature, are therefore highly unusual and unexpected. They indicate that high-energy CID
in these molecules is sensitive to the degree of internal rotation ef@ieD around C-O and—CHs around

the C-C bond. This explains variations observed previously for CID spectra #is@H)H" which have

been attributed to the independent existence of two isomers formed by protonation of ethanol. The work
supports the conclusion of Fairley et al. that thgDH/C,H, reaction leads to the formation of the lowest-
energy isomer of protonated ethanol. It also gives a fresh insight into the mechanism for the collision-
induced decomposition of BsOH,".

Introduction However, it transpired that the §8sOH)H™ potential energy

Protonated ethanol, ¢BsOH)H*, has been the subject of ~Surface had not been well mapped out at that time. Subse-
many experimental and theoretical studies. Much of the interestduently, Swanton et &lcarried out calculations which showed
has centered on the possibility of the formation of a stabt&,C ~ that the GHs-H3O* complex is theoretically stable, with an
HsO" compleX~7 (structure2), for example by the association energy of 53 kJ mof* and separated by a barrier of only 95 kJ
reaction of HOt with C;H4 or by a sufficiently exothermic ~ mol~? relative to GHsOH,* (see Figure 1). This is below the
protonation of ethanol. Such complexes are of fundamental exothermicity of proton-transfer reactions used to create the
interest to mechanisficand rate theories of ieAmolecule (C,HsOH)HT in these studies or indeed the association reaction
reactions. (C,HsOH)H™ has also featured in studies concerning 1.
the mechanism of energy transfer in collision spectroséopy.
Recently it has been suggestédhat the GH4-HsO™ complex
may be an intermediate in the formation of ethanol in interstellar
clouds. The only experimental evidence that it exists as a stable
isomer comes from high-energy Cf”'S'O” spectroscbpy. Wesdemiotis et al using the results of neutral reionization

Jarrold et af’ studied (GHsOH)H cre_ated Inanon Source 55 spectrometry (NRMS) in addition to high-energy CID mass
Ely E{Oton ttkr]ansf_er fror? bt to ngH_5OI;|h|n tthga_ls. TTS 'ﬁ.? _ spectrometry as evidence, therefore concluded that thids(C
nighly exothermic reaction and using the technique ot coision OH)H™ population contains both isomers, the proportion of
induced decomposition (CID) mass spectrometry, they observed hich d d th diti A sub t stud
changes in the CID spectra, which were dependent on sourcel/'eN depen 33 on fhe source conditions. A subsequent study
pressure. Conversion to (GHOH' was ruled out, and they by $|r0|§ et al3 also using NRMS, concurred, pgrtl_cularly when
concluded that @4sOH,* (structurel) was the only alternative. the ion is formed as the product of the association reaction.
The result was therefore interpreted as showing a dependence However, Fairley et al.and Matthews et &.have recently
on the degree of internal energy in the ion prior to CID, retained studied the kinetics of the ion created as the product of the
from the reaction exothermicity and moderated by the degree association reaction in He at 0.35 Torr and 300 K. They
of collisional quenching in the source. This resultis important, conclude that it behaves as if it has the low-energy struclure,
but also contentious, because a cornerstone of the use of CIDrajrley et alt have also recalculated the potential energy surface
mass spectrometry in analytical chemistry is that the technique at the G2 level of ab initio molecular orbital theory. This gives
is generally independent of the precursor-ion internal en®rgy. 4 reverse activation energy of 28 kJ mblsignificantly lower

* Author to whom correspondence should be addressed. E-mail: than previously thought. If this is true, then itis likely to result
r.s.mason@swan.ac.uk. in rapid rearrangement froéto 1, even at modest temperatures.

H,0" + C,H,— C,H,H,0" (1)
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H ~H continuously into the reactor, maintained at a constant pressure
H\o\*‘“ o—H by an automatic control valve and pressure transducer arrange-
‘ 1 ment. The temperature could be varied betweer00 and
s H +400 °C, and the source pressure up to 4 Torr.
Ho /HH H \C\“‘"/H Reactant and product ions drifting through the ion exit
H C[ | aperture were accelerated to a beam energy of 6 keV. To
H H generate a CID spectrum of the ion of interest, the beam was
1a b passed through N as the collision gas in the first field-free
region, at a pressure sufficient to attenuate the main beam down
H to between 60 and 70%. CID peak intensities were recorded,
6——-‘/"' H\H as beforé? by linked scanning of the magnetic field (strength
| O, B) and electrostatic analyzer (field E), while maintaining a
H N constant B/E ratio. The full mass spectrum was collected by
H continuous automated scanning in the usual way. However,
He. 4 \\C H H H guantitative peak height ratios were measured by manual tuning,
H/C “H HyC—C”"\H individually onto the selected fragment ion peaks of interest,
2 3 and recording the collector current of the beam at the top of
the peak. This perhaps over-cautious method was to ensure
accurate tuning to find the top of the peak, which was not
"0 O~y H " necessarily in its exact theoretical position because of transla-
Ho ‘ \ % tional energy loss in the collision. The long-term reproducibility
LG H e/ \ of this method for peak height ratios was found to fall well
R H H within the limits of +:15%.
1 B. Isobaric and Other Interferences. The ions selected
H for study were atwz = 47 (GH,O"), 48 (GHsDO"), and 53
4 5 (C2DeHO™). The contribution of3CCHsO™ toward the signal
i + <10 1 + i _
In this work we have reexamined high-energy CID mass gg:iig&;glrg;gogﬂée avxzsthalt/gfl;rgngg(g—?c?wa?gngB;
spectra of (GHsOH)H™ under carefully controlled protonating HO* were always<3%.
reaction conditions in the ion source, as a function of pressure A major source of interference in the spectra gHGOHD*

and temperature, in an attempt to further clarify the apparently was caused by the collision-induced decomposition of reaction

conflicting evidence. In particular we have investigated the CID 3
of (C;HsOH)D* created by reaction 2;

. +_, +
(CeDsF)H" + C,H;OH — C,H,OHD" + C,.D;F  (2) CID: (CHOM)H™ — CHOH, ™ + CHOH @)

. . . This very low energy process, studied previouslgccurred
This system has not been studied before, butit has the advantaggy iy in the accelerating region close to the source ion exit,
over previous studies that the exothermicity of the reaction is during our experiments. In the B,E plaHethe signal from

1 N . )
;23 kJ mhor ’ Wh'Ch Is far Eel?w thg he'?ht hOf thled barrier dfragment ions emanating from this region overlap the 48
etween the two isomers. The formation of ethanol deuterated 47+ 4 1 ¢|p signal occurring in the first field-free region. This
on the O atom is therefore guaranteed at all temperatures andy ¢ estaplished by exploration of the B,E plane. It was also
pressures. _The mechanism found her_e for the co"'s'on"nd‘_JCEdeasily distinguished since the very high ion current at this point
Qecpmp25|t|on of the product contrad|ct§ some of the Previous j, e B,E plane was observed to decrease as the collision gas
findings® Furthermore, the low-energy isomer appears t0 be ,oqqyre was increased (because the fragment ions for this
the product even of the h|gh-e>§)ther_m|0|ty reactions.  process are already present in the incident beam, which itself
I,n agreement with Jarrold et We, find the spectra exhibit . becomes attenuated by collision with the added collision gas).
§S|gn|f|cant dependence on excess internal energy. Also studieGrpis was not true of any of the other ions. The effect was highly
is whether temperature itself could have an effect on the ye,0ngent on the source temperature and pressure because the
_effur:]lerll_cy of C”? procer?ses. ﬁ:AItth;ough ther? IS nohpreCﬁdent relative abundances of the protonated ethanol clusters and their
in the literature for such an effectwe are able to show t at  gapilities leaving the ion source are highly dependent on source
the sensitivity to change extends down to thermal energies. It pressure and temperature. The effect was negligible in the
is deduced that the internal rotations in the ion during collisional experiments at higher temperatures, but very large at low
excitation must have an effect on the direction of decomposition temperatures. It was concluded that the efficiency of collision-

after it. induced loss of H from @sOHD™ could not be reliably
assessed except at the higher source temperatures.
Because the first field-free region is relatively close to the
A. Method. The experiments were carried out using a high- ion source, gas leakage from the source caused the background
pressure iorrmolecule reaction source attached to a mass spectral intensities to be relatively high at116% of the value
spectrometer system of forward geometry, previously modified when the CID gas was added. The spectra recorded here are
and described in detail elsewhéfe.The gaseous reaction background-subtracted, to ensure that the peak intensities are
mixtures were premixed in a heated gas storage bulb by injectionpure CID signals. However, the relative intensities of peaks
of pure liquid ethanol, or mixtures of ethanol in perdeuterated did not change significantly from the value without background
fluorobenzene in the molar mixing ratio of 1:10, directly into subtraction, except for H loss fromBs0HD™.
the reagent bath gas of GH The mixing ratio of ethanol in C. Chemicals. The methane and argon (BOC, research
the bath gas was1:1000. The mixture was allowed to flow grade, 99.995%), ethanol (Aldrich, 99), ethanold6, fluo-

Experimental Section
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Figure 1. Schematic of a section of the potential energy surface of

protonated ethanol; neutral losses are shown for the lower-energy
decomposition channels; the arrows indicate the exothermicity for

protonation by specific reagent ions; numbers in italics are energies in
units of kJ mot.

TABLE 1: Energies Pertinent to the Potential Energy
Surface of (GHsOH)H™

Proton Transfer Reaction Exothermiéty

AHJr + CszOH - CzH(-',OHzJr +A
reagent AH kJ/mol reagent AH kJ/mol
CHs" 236 GHsOH* 100
CoHs* 108 GHsFHY 23

Isomer or Transition State Structure Enér(gee Fig. 1)

energy barrier, energy energy barrier, energy
kJ/mol kJ mol™ kd/mol kJ mol
la 0 3 (84 95
1b 4.5 4 257
2 (57¢ 53 5 223

Decomposition Products and Minimum Ener§i€gsee Fig. 1)

neutral energy barrier,
m/z  ion fragment loss kJ/mol AH kJ/mol
19 HOf CoH,4 136 136
29 GHs" H.O 153 153
31 CHO*" CH,4 (223) 122
45 CHCHOH" H; (257) 76
46 CHCHOH," H 443 443
46 CHCH,OH" H 486 486
27 GHs* Hz + H0 ? 363
28 GH4*" H + H,0 ? 535
26 GH,* H+H, + H0 ? 797

robenzenead5, and DO (Aldrich, all 98.5+ atom %D, respec-
tively) were used as received. Any impurities present were not
significant in the chemical ionization spectrum and therefore
did not interfere with the reactions under study.

Results and Discussion

A. Energies. Energies pertinent to the processes occurring
in these experiments are shown in Table 1. The calculated
structures of isomers and transition states are §iasil—5
and the potential energy surface ofHGO™, appropriate to this
work is represented in Figure 1.

When GH;O" is created either by self-protonation (reaction

Mason and Naylor

though®=5 that two isomers are formed:
C,H;OH" + C,H.,OH — (C,H;OH)H" + C,H.O (4)

AH" + C,H;OH — (C,H,OH)H" + A (5)

The most stable form is that in which the proton is attached to
the O atom, GHsOH," (1). This is lower in energy>6 than

the protonated ethyleraevater complex, @Hs-HzO™ (2). Two
theoretical values are reportedor their difference in energy:
53 kJ mot! and 57 kJ motl. They are separated by a
theoretical barrier of 95 kJ mot or 84 kJ mot™.

B. CID Spectra of C;H7O™: Pressure and Temperature
Dependence.lt has been concluded previously, from both low-
energy>16 and high-energy*816 CID experiments, that pro-
cesses 69 are evidence of the presence of the two isomers.

CID: C,HOH," — C,H,OH," + H (6)
CH,OH" + CH, @)

CID: C,H,H,0" — C,H," + OH, (8)
H,O0" + C,H, (9)

Swanton et a. have concluded that is probably also the
precursor to loss of §l as in reaction 10.

CID: C,HOH," — CH,CHOH" + H, (10)
Both Swanton et dl.and Sirois et af. have expressed the
view that loss of water ought to be a channel also available to

1. But, in view of the previously observétfisotope scrambling

resulting from the CID of isotopomers of protonated etha®ol,

is thought to be an intermediate in this process (reaction 11).

CID: C,H:OH," — (C,H,H,0")* — C,H;" + OH,
(11)

As discussed in the Introduction it is thougtitthat bothl
and2 can be formed because the energy of the transition state
between them lies below the entry level of the incoming proton
by either proton transfer from standard reagent ions (e ., H
or CHs" in Jarrold’s experiments) or indeed from reaction 4,
(Wesdemiotis’ and Sirois’ experiments). Once cooled by
collisional quenching, it is suggested by Wesdemfotis al.
that the stability of2 relative to the transition state (i.e., the
reverse activation energy) is sufficient that the higher-energy
isomer becomes entrapped. While this is a reasonable argument,
one would still expect the overwhelming majority of ions to be
in the low-energy form for two reasons. First, during the proton-
transfer encounter, the proton will be guided onto the molecule
via the O atom because of iemlipole effects. Second, the
density of states above the well of the low-energy isomer will
be very much greater than above thaRpit the same excitation
energy; hence, the internal equilibrium at high energy will still
favor 1.

The preferret37 method for the specific creation of,8,:
H3O™ is by reaction 1. However, the exothermicity of this
reaction is also much greater than that required to overcome
the barrier to the formation of and, according to the latest
calculations, the activation energy may be as little as 27 kJ
mol~L. In addition, the kinetic studiéd support GHsOH,™ as

4) or in standard reagent gases (reaction 5), it has beenthe favored product.
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Figure 2. Bar chart comparison of selected peaks in the CID spectrabfs(@H)H" obtained in different laboratories as indicated by the legend;
Bowers et al. alludes to ref 8, and Wesdem. et al. to ref 4.
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Figure 3. Bar chart comparison of selected peaks in the CID spectrabfs@H)H", obtained in this work under varying conditions of the source
temperature and pressure of methane gas, as indicated by the legend.

The evidence for the separate existencg isfbased on CID methane gas in which two acids are involved: {Cldnd GHs*.
and NRMS mass spectrometry. Figure 2 shows a comparisonThe exothermicity of their reactions relative to the formation
of high-energy CID spectra of ¢ElsOH)H' obtained in the of 1is >226 and>100 kJ mof?, respectively. Self-protonation
different laboratories. Despite the differences in instrumentation, (reaction 4) is also possible with an exothermicity of 100 kJ
the spectra are remarkably similar. However, this does dependmol=1. All values are well above the barrier height, and yet
on the source conditions, as exemplified in Figure 3 of data the O™ peak (loss of GHy) in spectra obtained here under
obtained in this work. The ;0" ions were created here in  conditions of strong collisional cooling, i.e., at high pressures
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and low temperatures, is generally very small in comparison to Figure 5 shows the effect of temperature at the same gas density
the previous work. This is opposite to expectation based on and hence the same number of quenching collisions prior to

the arguments of Wesdemiotis et*al.
C. CID Spectra of C;HsOHD™: Pressure and Tempera-
ture Dependence. Figure 3 clearly shows that there are

leaving the sourcét The effect of increasing temperature from
240 to 628 K at a density equivalent to 1.5 Torr at 240 K has
a very similar effect to decreasing pressure at 240 K from 1.5

substantial variations when the precursor ions are created undedown to between 1 and 0.5 Torr.

varying source conditions of both pressure and temperature. At

D. Mechanism of Decomposition and Internal Energy

low source pressure and high temperature the spectral peak&ffects. The above shows that the spectrum of the low-energy

corresponding to the $0* and GHs™ are almost equal. It is

isomer GHsOHD™ is strongly sensitive to its internal energy

possible that these variations are indicative of changing isomer prior to CID. It is most unlikely that the whole exothermicity,

populations. To overcome this source of ambiguity, the ion
C,HsOHD* was prepared in the mixture of vapors,{gOH

+ CgDsF, in a 1:10 ratio) in a bath gas of methane. The
sequence of reactions occufs:

CH.", CHy" + C,DsF — (C,DF)H" (12)

H*CeD4F + C,H;OH —~ C,D,HF + C,H,OHD" (2)
The principle isomer of (6DsF)H* has theo complex

structuré? with the proton attached at the carbon atom para to
the fluorine atom®). Hence when it reacts with ethanol, either

derived from reaction 2, is transferred as excess energyHe-C
OHD*. Besides, much of the excess will already have become
guenched, even at 0.5 TdtrThe only internal motions which
could be strongly influenced by temperature must have a very
low frequency. In the species studied this could only be
provided by the internal rotations of (&) HDO around the@
bond, and (b) Cklaround the G C bond. According to theory,
1bis an alternative conformation of,BsOH,™, with a slightly
higher energy tharla. The theoretical barriérto rotation
betweenlaandlb is only 4.5 kJ mott. This is similar to the
barriers to methyl group rotations around the Cbond?? It is
concluded therefore that it is these changing conformations of

the proton or the deuteron can be transferred. In this systemthe precursor which are likely to be the cause of different

this is the only reaction by which the ethanol can be deutef&ted.

The reaction exothermicity is in the range-423 kJ mot.
Because this is more than 61 kJ mblbelow the lowest
transition state, there is very little chance of either isomerization
or scrambling. The only likely exchange, (reaction 13), would
pass through the transition state structuge,

CH,CH,0HD" — 3 — CH,DCH,OH," (13)

decomposition channels becoming favored, when the ion is
activated at high collision energies. There is some supporting
evidence from the dispersal of D among the fragments, which
is observed to change greatly as a function of the internal
excitation.

When the parent has a relatively high internal energy before
CID there is a significant degree of scrambling, but when it is
cold the degree of scrambling is very much less. This is shown
from the measured isotope ratios, which are compared with
statistical values in Table 2. As shown above, scrambling must
be caused by the collisional activation process because the
activation energies are too high for it to occur in the source.

An important observation, therefore, is the result for the
collision-induced loss of kD and HDO. It is thougHt>’ that
loss of water occurs by the equivalent of reaction 11, involving
the excited complex as intermediate (here, for example, it could
be GH4H,DO™) from which transfer of the D to either C atom
could readily occur. Complete scrambling would then lead to
a high ratio in favor of loss of 0. However, when the ion is
cold, the spectra show a very high ratio in favor of loss of HDO.
This is indicative of a more direct mechanism: i.e., rapid
decomposition via direct €0 bond cleavage (reaction 15):
CID:

C,H;OHD" — CH,CH," + OHD (15)

This is highly constrained compared with the ground state, hence

the rate constattfor the reaction must be<2.5x 106s1at
240 K. Even if the whole of the excess energy available to the

With increased excess internal energy (low pressure) or when
the ion is hot the HO/HDO ratio increases significantly. This

proton-transfer products was transferred to the ion, this rate implies that higher internal energies of the precursor help

constant would still be<2.6 x 107! s1. This is very slow

promote the ion into the rearrangement channel and hence the

compared to the average residence time of ions in the sourcechance for scrambling. This can be rationalized without

which is determined by the ambipolar diffusive loss rate. This
has been studied separafélgnd found to be in the region of

violating unimolecular reaction rate theory.
According to the statistical theories of reacti@rfor a given

a few tenths of a millisecond, depending on pressure and excitation energy the distribution of products resulting from
temperature. The only other possible sink process in the sourceunimolecular decomposition are effectively reduced to a de-

reaction 14, does not affect these experiments.

C,HsOHD"™ 4 C,H;OH — C,H;0D + C,H;OH,"  (14)

pendence on two parameters. These are (a) the excess energy
above the transition states leading to each product, and (b) the
degree of rearrangement required to reach the transition state
(i.e., the starting geometry on the excited potential energy

Figure 4 shows the variation, with source pressure, of the surface; this determines the density of states available to the

CID spectra of GHsOHD™ at a constant source temperature of

reaction channel). Also the higher the excitation energy

240 K. There are clearly very significant changes. Because transferred the greater the promotion of direct bond cleavage

of potential interference (see above) the loss of H is not included.

reactions because of their higher frequency-factor over lower-
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loss of high energy processes
H20 and HDO -
loss of
C2H4 & C2H3D
loss of
CH4 and CH3D
loss of
H2 and HD
46 45 32 31 30 20 19

(10.5 Torr; E11.0; mM1.5
Figure 4. Bar chart comparison of selected peaks in the CID spectraté§@HD™ formed by reaction 2 in methane gas at varying pressures, but
a fixed temperature of 240 K.

loss of
H20 HDO
& (H+H20)

loss of
C2H4 C2H3D

loss of

loss of CH4 CH3D
H2 HD

A 7
+D) %
///

30 29 28 27 26 20
3 high temperature (605K); 72 low temperature (240K);

Figure 5. Bar chart comparison of selected peaks in the CID spectraldf@HD" formed by reaction 2 in methane gas at widely different
temperatures, as indicated by the legend, but a fixed gas densitiaf®°® cm™3 (=1.5 Torr @ 240 K).

energy rearrangement reactidAsThe mechanism of energy The transition state for the formation of the complexHg
transfer in high-energy collisions is thought to be fast electronic H3;O" is shown ast. To acquire that structure from ground-
excitation, which obeys the FranelCondon principlé? It can state GHsOH," requires stretching the CO bond, rotation of

therefore be envisaged that rapid access to different channelghe methyl group to bring an H atom into the CCO plane, and
on the excited potential energy surface may also depend onrotation of the HOH group to twist the plane of HOH into a
favorable dynamics within the molecule at the point of excita- position almost perpendicular to that of CCO. The probability
tion. If favorable motions of the parent ion are affected that this occurs must be increased if th€Hs and—OH, groups
significantly by the temperature, this could be reflected in the are already rotating toward these conformations at the moment
pattern of the CID spectrum, as appears to be the case here. of excitation. The torsion barriers to group rotations around
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ion product ratio neutral loss ratio theaigndom theoryrestricted expt. 240 K expt. 627 K
C,HsOHD™*
CoH4,OHF HD 0.4 1.0 1.8 0.68
C;H,OD* (+C;HsOH") H, (+D)
CH,OH" CHsD 1.33 4.0 3.2 0.66
CH,OD* CHa
CoHs" (+CzH3D)?2 HDO+(H+H0) 0.4 ood 6.9 21
CH.D* H0
HsO" C,HsD 1.33 5.4 2.3
H,DO* CoHa
C;DsODH*
C,DsOD* H 0.17 1 6.6 1.5
C:DsOH* D
C,D,OD* HD 0.4 0.67 5.2 2.0
C:DsOH* D,
C.Ds"™ (+CD,ODY) HDO (+CDsH) 0.4 0 2.6 1.5
C;D4HT (+CD,0OH") D,0O (+CDsy) (1.3) (4)
DsO" C;DsH 13 11 1.2
HD,O" C2D4

aCompare similar losses from,B8sOH," in Figure 3; the peak atvz = 28, equivalent to loss of H- H,O, to give GH4*t, under the same
conditions as here, has a height which is 39% of thidsC peak. The peak atVz = 28 for GHsOHD" is 41% of the sum of the peaks mtz =
29 and 30. This is consistent therefore with the composition of the peakzat 29 being predominantly due to loss of HDO. IndeatJow
temperatureand high source pressurehe pattern of peaks over the rang& = 29-26, comparing with Figure 3, is consistent with these high-
energy processes being dominated by the channels: loss of (HDO), (HBY (HDO + H,) and (HDO+ H, + H), accompanied by very little
scrambling” Atoms considered are highlighted in bold as follows: $CH,OHD™. ¢ Atoms considered are highlighted in bold as follows:
CH3CH,OHD™. ¢ Atoms considered are highlighted in bold as follows: ICH,OHD™.

loss of
HDO D20
loss +CD3H +CD4
of H loss of
x4 HD, D2
note, loss of (H + other) is
favoured for the high energy
loss of processes loss of
x1/ b C2D3H C2D4
52 51 50 49 34 33 32 31 30 29 28 22 21

[0627K 2240K

Figure 6. Bar chart comparison of selected peaks in the CID spectra@f@DH" formed by reaction with (§HsF)D* in Ar, at different pressures,
but a fixed temperature of 240 K.

the C-C or the C-O bonds are low (see above). The density support this view. Swanton et akuggest that the transition
of states due to these internal rotations will obviously increase states for elimination of Hland CH, are4 and5, as shown in
with temperature, and this will be carried over in the high-energy Figure 1. Loss of K therefore involves atoms only of the
collision. In more prosaic terms, an increase in temperature —CH,—OH, moiety, while CH involves the atoms only of the
will more often bring the atoms into a conformation more methyl and—OH, groups. Hence if the water group has one
favorable to the desired transition state geometry, at the momentD atom, the statistical distributions of D in the ejected neutrals
of collisional excitation, thus channeling the reaction toward are readily calculated. In Table, 2wo values are given.
the intermediate complex. Randonvalues are the statistics for the involvement of all the
The changes in the isotope ratios of the other decompositionsH atoms in the molecule, whileestricted values are those
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restricted to the moieties involved in the individual transition external rotation and its effect on H loss. Because of an
states. It is clear that when the ion is very cold the isotope interfering overlap in our experiments we were not able to
distributions are indeed close to the restricted values. When itreliably investigate this aspect usingtgOHD". However,

is hot the values get much closer to those expected for morewhen the precursor ion has a low temperature there is a very
complete scrambling, which would require access to the strong isotope effect in favor of H loss from@sODH™. This
intermediate complex. indicates that the H is lost directly from theOHD group,

An interesting feature of the cold ion is that there is a whereas the lowest-energy and statistically more probable
significant isotope effect in favor of the CID channel giving channel would be loss of D from theCD3 group. In agreement
H3O" (and loss of GH3D). This could arise from distortions  with Jarrold et al® we find H loss from GHsOH,* to increase
due to zero point energies differences, otherwise this reproduc-significantly when the internal energy of the precursor is
ible result is difficult to rationalize in a straightforward manner. decreased. This has been rationalized in terms of external

E. CID Spectra of C;DsODH*: Loss of H. The CD;CD,- angular momentum effects. In our case the changes are even
ODH? ion, formed in the mixture (CECD,OD + CgHsF + dependent on the temperature and are similar to the effect on
D,0) in Ar was also studied. Although many peaks in the CID the loss of H. This suggests the explanation may be more
spectrum are isotopically ambiguous, the data (see Figure 6 andclosely allied to changes in the internal rather than external
Table 2) were generally consistent with the above. A surprising rotation.
result is that for the loss of H. At low internal energies of the In CH, as the reagent gas, when the pressure is low or the
precursor, it completely dominates the spectrum and there is atemperature high, the spectrum oLl GOH)H" is very similar
very large isotope effect. This strongly suggests that the lossto spectra obtained elsewhere. The exothermicity of the reaction

occurs directly from the-OHD group as reaction 16: is well above the transition state to theHG-H3;O™ isomer. Yet
under cold, high-pressure conditions it changes to resemble the
CID: C2D5ODH+ — C2D5OD+ +H (16) spectrum obtained for £1sOHD*. This suggests that the ion

does cool to the low energy structure without significantly
becoming entrapped as the complex. This supports the conclu-
sion of Fairley et al. and of Matthews et &.that this is also

the likely structure of this species in outer space.

This has a threshold energy which is 40 kJ mMdligher than
loss of D from—CDs, the channel which is the equivalent to
reaction 6 and is the expected roéife.At high temperature
the ratio is much closer to the value expected if scrambling
had occurred prior to decomposition. When the precursor is
cold, there is also a very clear increase in favor of the elimination
of HD relative to the other channels and relative to loss gf D
The D;O"/HD,O" peak ratio was close to the expected statistical References and Notes
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