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Abstract

Kinetic and thermodynamic isotope effects on the unimolecular dissociation of proton bound dimers were studied in the ga
phase using mass spectrometry techniques. In addition proton transfer reactions were investigated using equilibrium techniqt
in conjunction with a theoretical study. Normal isotope effects were observed for all of the amine systems studied. The effec
of label position, extent of labeling, size and structure of the proton bound dimers have been discussed with respect to (i) th
kinetic and thermodynamic isotope effect on the dissociation reaction, (ii) the kinetic energy release on the dissociatiot
reaction, (iii) the thermodynamic isotope effect on the proton exchange reaction between the labeled and unlabeled amines, a
(iv) the effective temperatures and the excess energies of the metastable proton bound dimers. Other compound clas:
(CHZOH, (CH,),0, CH,CN and (CH),CO) were studied and discussed in the same way, though not as thoroughly. All the
systems show normal isotope effects, except for the proton bound dimer &8NCHnd CD,CN, which showed an inverse
isotope effect. (Int J Mass Spectrom 182/183 (1999) 381-402) © 1999 Elsevier Science B.V.

Keywords:Deuterium isotope effects; Proton bound dimers; Kinetic method; Proton affinity; Effective temperature; Deuterium labeled amines;
Kinetic energy release

1. Introduction ture contains many examples of secondary isotope
effects on ionic reactions, in most cases related to
Isotope effects on gas phase reactions have beencompounds that contain only covalent bonds [1-24].
studied extensively in the past [1-3]. The main reason For compounds with hydrogen bonds (e.g. proton
to study isotope effects is to obtain information about bound dimers) only a few examples have been re-
structure and reaction mechanisms. Many such stud- ported [25-28].
ies have dealt with observations of primary hydrogen Isotope labeling affects reaction rates, in many
isotope effects, often with the implicit assumption that cases by a combination of primary and secondary
any secondary isotope effects will be small, which isotope effects. Often it is difficult quantitatively as
may not always be a reasonable premise. The litera- well as qualitatively to distinguish between the two
contributions without a systematic study of the sec-
+ Corresponding author, ondary isotope effects.

Dedicated to the memory of Ben Freiser who was a great friend ~ FOF COmpeting reactions (e.g. Eq. (1)) intramolec-
as well as a great scientist. ular secondary isotope effects arise when there is a
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difference between the number of quantum states in
the two transition states (TS), Eq. (2) [29,30].

ko K
CH3NH3 + CDgNH, <— (CHNH,)(CDaNH,)H* — CH3NH, + CD3NH3 (1)
1
G*(E — Eq ) absence of entropy effects and assuming that the
Kilkp = G*E — Eqy p) (2) activation energies for the reverse reactions are neg-

ligible, the product ion intensity ratio will reflect the
ky/kp is the kinetic isotope effecG” the state sume difference in proton affinity between the two bases.
is the internal energy anBl, the critical energy. For  proton hound dimers of isotopomers are ideal systems
normal secondary isotope effecti(kp > 1) the {5 gpplication of the method, because many of the
critical energy is lower for loss of CiH, from 1 errors that limit the kinetic method, are avoided,
than for loss of CNH, as a result of the influence of  pocause of the similarity of the two monomers in-

isotopic substitution on the zero-point energies (ZPE) \,olved. From the isotope effect it is, thus, possible to
of the two transition states. The C-H(D) vibrational §grive thermochemical information Eq. (4).

frequencies are lowered in the TS. The absolute
change is larger when the C—H frequencies are in- In (ky/kp) =~ In (1,4/1p) =~ APA/R T4 (4)
volved. The effect of the ZPE difference on the
relative rates is particularly pronounced when the
internal energy is low. The secondary isotope effect
on the dissociation of the proton bound dimer, thus,
increases with ion lifetime.

The thermodynamic isotope effect is manifested in
the reaction enthalpy and, thus, in the equilibrium
constantK,, For a normal isotope effed(,, < 1,
which corresponds to Eq. (3) being endoergic, that is
favoring the protonation of the labeled amine.

|, is the intensity of the production BHd,,, |5 is the
intensity of the product ion BH, APA is the differ-
ence in proton affinity between B andd; R is the
gas constant andl. is the so-called effective tem-
perature [35] of the metastable parent ion (the proton
bound dimer).

Nourse and Cooks [25] used an ion trap mass
spectrometer to study the influence of deuterium
substitution on the reactions of 2-pentanone and
acetophenone and demonstrated that the Kkinetic
method reliably detects very small proton affinity
differences. As a reference they investiggtedadeu-
terium labeled benzoic acid anthetadeuteriuma-

Secondary isotope effects on gas phase reactions ofbeled benzoic acid relative to unlabeled benzoic acid.
ions can be investigated using a mass spectrometer.These systems are not expected to show any second-
For simplicity, it is desirable to study systems that do ary isotope effects, since they are labeled remote from
not show other competing reactions. In a mass ana-the dominant protonation site. For thgarasystem
lyzed ion kinetic energy spectrometry (MIKES) ex- they measured a relative ion yieldl(Ip) of 0.9 =
periment [31] the relative ion yields will, because of 0.1, and for thenetasystenthey obtained 1.G= 0.1.
the narrow time window for the reactions of metasta- Because they could not detect any isotope effect, they
ble ions, be a measure of the isotope effect [1]. concluded that the method is well suited for measur-

The kinetic method (Cooks’ method) [32—-34] can ing small proton affinity differences. For the
be used to study the effect of isotopic labeling on CH;COCD,CH,CHj, system they observed an inverse
proton affinities (PA). The collision induced or spon- secondary isotope effect of 0.48, which they took to
taneous dissociation, e.g. Eqg. (1), of a proton bound correspond to aAPA of 0.16 + 0.08 kcal/mol (the
dimer results in formation of both monomers. In the nondeuterium labeled ketone having the higher proton

Ke
CDNHZ + CHsNH, = CDsNH, + CHNH3
3)
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affinity). For the PhCOCD system they observed a H,*>NCH,COOH (k. /kp = 1.14). Calculations of
normal secondary isotope effect of 1.4, which they the zero-point vibrational energy at the HF/6-31G(d)
took to correspond to APA of 0.07 = 0.07 kcal/mol level yielded aAPA value of 0.04 kcal/mol for
(the deuterium labeled ketone having the higher H,NCD,COOH and 0.02 kcal/mol for
proton affinity). H,**NCH,COOH.

Dang et al. [27] used tandem flowing afterglow- The present study deals with the effect of deute-
selected ion flow tube mass spectrometry with colli- rium substitution on the properties of proton bound
sion induced dissociation (CID), to study the effect of amine dimers, to examine the effect of the label
deuterium substitution on the dissociation of proton position, size and structure of the proton bound dimer
bound dimers of ethoxide. They found that deuterium on the magnitude of the kinetic and thermodynamic
substitution increases the proton affinity of the ethox- secondary isotope effects and to investigate the effect
ide (normal isotope effect). PA(CED,07) is in- of the deuterium substitution on the kinetic energy
creased by 0.34 0.15 kcal/mol relative to release (KER) for the dissociation of metastable
PA(CH;CH,O ), PA(CD,CH,0™) by 0.18* 0.15 proton bound amine dimers.
kcal/mol and PA(CRCD,0O ) by 0.48+ 0.15 kcal/
mol. Ab initio calculations of the zero-point energy
differences at the HF/6-3¥1+G(d,p) level gave 2. Experimental
practically the same values. Their results suggest that
deuterium labeling in thex position has a greater The equilibrium and MIKES measurements were
effect on the proton affinity than in thg position, made with a high-pressure mass spectrometer con-
consistent with their relative distances from the pro- Structed at the University of Waterloo configured
tonation site. Furthermore the effect seems to increase@round a VG 70-70 mass spectrometer whose config-
with an increasing number of deuterium substitutions, Uration was changed from an E-B to a B-E instrument.
which is a rational observation. Related studies de- 'he apparatus and its capabilities have been described
scribe the influence of deuterium substitution on in detail previously [42]. MIKES measurements were
proton bound dimers of hydroxide, [36] methoxide @lso performed with a JMS-HX110/HX110A mass
[26,37-39] and isopropoxide [40]. spectrometer from JEOL, using low-pressure chemi-

Haas and Harrison [26] examined the CID of Cal ionization.
proton bound ethoxide and methoxide dimers. They
found that the proton affinity increases 0.6 kcal/mol 2.1. Equilibrium measurements
for CD;O™ and 0.6 kcal/mol for CBCD,O", com-
pared to the unlabeled compounds, in excellent agree- Gas mixtures were prepared (VG 70-70) in a
ment with the value measured by Dang et al. [27].  temperature controlled 5-L stainless steel reservoir

DeFrees et al. [38] used the equilibrium method using methane as the high-pressure bath gas which
[41], to measure a normal secondary isotope effect for served as the inert third body stabilization species to
the methoxide system, an increase in the proton a pressure of 1200—-1300 Torr, and which also served
affinity of 0.5= 0.1 kcal/mol for CQO™~ over as the chemical ionization (Cl) reagent gas. Other
CH;0™, in good agreement with the values measured components of the mixture were present at pressures
by Haas and Harrison [26] and Grabowski et al. [37]. between 0.02 and 4.5 Torr. Trace amounts of carbon

O’Hair et al. [28] used MIKES experiments to tetrachloride (electron scavenger) was added to the
study the effect of isotopic substitution on the reac- mixture. The gas mixture was bled into the ion source
tions of proton bound glycine dimers. They found an through a heated stainless steel inlet line to a pressure
increase of 0.18 kcal/mol in the proton affinity for of 6.5-13 Torr. lonization was accomplished by a
H,NCD,COOH compared to the unlabelek],(k, = 0.05-2-ms pulse of 2-keV electrons focused into the
1.25), and an increase of 0.11 kcal/mol for ion source through a 15@m aperture. The ions
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Fig. 1. Variation of normalized ionic abundance of ({HH,),NH3 and its (CHCH,),NH adduct as a function of time after a 7@8-electron
beam pulse. The result of 3000 electron gun pulses were accumulated at an ion source pressure of 6.5 Torr. Mixture compp§gltk®® CH
Torr), (CH;CH,),NH (800 mTorr) at 374 K (101 °C). Instrument: VG 70-70.

diffuse out of the ion source through a 1p@A a continuous beam of 2-keV electrons. Mass-selected
aperture into the source chamber where the pressure iSons were analyzed with a 70° (20 cm) electric sector
50 uTorr. The ions are then accelerated towards the allowing the parent ions to pass at 232 V. The signal
first cone through a 50-150-volt potential drop, where was monitored by the same PC-based multichannel
they enter the ion optics region and are accelerated upscaler signal acquisition system, but configured at a
to 2.9 keV. The signal was monitored by a PC-based 9.8-ms dwell time per channel. A total of 1000
multichannel scaler signal acquisition system config- channels were acquired and 500 scans were accumu-
ured at 10-10Qss dwell time per channel. A total of  |ated. Representative data are shown in Fig. 2 for the
250 channels were acquired using a duty cycle-&0 spontaneous dissociation of the metastable proton
ms greater than the most persistent ion, which pre- pound dimer of CHCN and CDCN.

vents pulse-to-pulse carry over in ion abundance. The  \ith the IMS-HX110/HX110A mass spectrometer
results of 2000-20 000 electron gun pulses were jonization was accomplished by chemical ionization
accumulated, dependent on the signal intensity. Rep- ysing methane as ionization gas at-8.5 Torr ion
resentative data are shown in Fig. 1 for the association ggyrce pressure. The ions are then accelerated up to

reaction of (CHCH,),NH; with (CH;CH,),NH. 10 keV, and reactions that take place in the third field
free region of the mass spectrometer are studied.
2.2. MIKES measurements Between 2-1500 scans were accumulated, dependent

on the signal intensity. Representative data are shown
The same gas mixtures were used for the MIKES in Fig. 3 for the spontaneous dissociation of the
measurements, and were bled into the ion source to ametastable proton bound dimer of @EN and
pressure of 15 Torr. lonization was accomplished by CD;CN. As is evident Fig. 2 and Fig. 3 give contra-
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Fig. 2. MIKE spectrum of the proton bound dimer of BN and CDCN. The result of 500 electric sector scans were accumulated.
Instrument: VG 70-70.

dictory data. This phenomenon is discussed later in 3. Results and discussion
the article.

The dissociation reactions of proton bound amine
dimers were investigated using pulsed ionization
high-pressure mass spectrometry (PHPMS), Egs. (5—
7). The equilibrium constant was measured as a

out using thesaussiane4 series of programs [43]. The ~ function of temperature and van't Hoff plots were
proton affinity differences between B andd3-com- constructed. Representative van't Hoff plots are
pounds were derived from vibrational frequencies Shown in Fig. 4 for the CBCH,NH, systems. Reac-
calculated at the MP2/6-31G(d,p) level. The scale tion enthalpies 4H®) and reaction entropiesAE’)
factors suggested by Scott and Radom [44] were used.Were extracted from the van't Hoff plots and tabulated

2.3. Ab initio calculations

All electronic structure calculations were carried

in Table 2.
2.4. Syntheses (B),H"=2BH" + B (5)
All materials not commercially available were (B)(B-d)H™ =B + BH"-d, (6)

synthesized (Table 1). The .purity and identity of the (B-d,),H* = BH*-d, + B-d, @)
synthesized and commercial products were ascer-

tained with *C-NMR and MS (El and CI). Only  As is evident from Table 2 the enthalpy of dissocia-
negligible traces of impurities were found. All amines tion (the bonding energy) is observed to diminish as
were prepared as the hydrochlorides and released withthe size of the amines increases, as a result of
moist sodium hydroxide prior to the measurement.  weakened hydrogen bonding caused by the increased
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Fig. 3. MIKE spectrum of the proton bound dimer of @EN and CD,CN. The result of 17 electric sector scans were accumulated. Instrument:
JMS-HX110/HX110A.

polarizability. A higher polarizability of the amine size or structure of the proton bound dimer on the
will, because of the inductive effect, result in a less isotope effect with respect tdH® or AS’. These
positive partial charge on the bonding proton, which results suggest that the proton exchange between the
will weaken the ion-dipole interaction. No similar |abeled and unlabeled amines should show normal
trend is observed for the entropy of dissociation, isotope effects with regard to the enthalpy of proton
which is probably because of the considerable uncer- exchange, whereas no trend is expected to be detect-
tainty associated with these values 8.0 cal/moi, able for the entropy of proton exchange because of the
because of the uncertainty of the partial pressures). A |arge uncertainty oS’

small isotope effect on the enthalpy of dissociationis  The proton exchange reactions between labeled
observed {0.1 kcal/mol) when Egs. (5) and (6) and  anq ynlabeled amines were investigated using
Egs. (6) and (7) are compared, as well as a small ppypys Eq. (8); the equilibrium constant was mea-
|sot0pe.effect on the entropy of dissociation. When sured as a function of temperature and van't Hoff
comparing Egs. (5) and (7) an isotope effect-of plots constructed. A representative van't Hoff plot is

cal/motK is observed, which would lead one to shown in Fig. 5 for the CECD,NHCH, system.

predict an isotope effect 0f~0.5 cal/moiK when : . . .
comparing Egs. (5) and (6). Because of the difference Reaction enthalpies and reaction entropies were ex-
paring =qs. ' tracted from the van't Hoff plots.

in symmetry numbers between (B)@)H" and
(B),H" or (B-d,),H", this value is counterbalanced BH"-d,+ B=B-d,+ BH" (8)

by R-In 2, which should give an observedS’ value

for Eq. (6) which is~1 cal/molK smaller than Eq. The reaction enthalpies cluster around 0.2 kcal/mol
(5). This is consistent with our observations. There is with a spread ofx 0.1 kcal/mol with no obvious
no apparent (or detectable) effect of the label position, pattern, which is to say that normal isotope effects are
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Table 1

Synthesized compounds

Reactant Reactant Product Ref.
C,HsOCONHCH, LIAID , CD;NHCH;, [45-47]
CDL,CN LiAIH , CD;CH,NH, [48-50]
CHLCN LIAID , CH;CD,NH, [48-51]
CD;CONHCH; LiIAIH , CD;CH,NHCH;,4 [52]
CH;CONHCH;, LIAID , CHZCD,NHCH;,4

C,HsOCONHCH,CH, LIAID , CH;CH,NHCD,4 [53]
CD;CONHCH,CH;4 LiIAIH , CD;CH,NHCH,CH; [48]
CH;CONHCH,CH, LIAID , CHZCD,NHCH,CH, [48,53]
C,HsOCONHCH,CH,CHj, LIAID , CD3;NHCH,CH,CH; [54,55]
C,HsOCONHCH,CH,CH,CHj4 LIAID , CD3NHCH,CH,CH,CH4

C,HsOCON(CH;), LIAID , CD;3N(CHy), [56]
(CD3),NH HCOOH/CH,0/H,0 (CD;),NCH; [56]
(CD3),NCDO LIAID, (CDg)3N [56-59]
(CD,0),Mg CD,OH CD,OCH, [60]°
CH;OH Mg (CH;0),Mg

C,H;0COCI RNH,® C,H;OCONHR

CXzCcocF RNH,? CX;CONHR®

C,H;O0COCI HN(CH,), C,HsOCON(CH;),

2 Examples of alternative and identical synthetic procedures from the literature.
b Refers to the syntheses of the unlabeled compound.

°R = CHjs, CHs, n-C3H, or n-CHg.

49X =HorD.

¢R = CH; or CHs.

observed (as expected) for the enthalpy of proton  The proton exchange reactions, Eqg. (8), were
exchange. The observed entropy of proton exchangestudied using ab initio theory. The vibrational fre-
likewise appears random and unsystematic. There isquencies were computed andH®; ., (298 K) values

no apparent (or detectable) effect of the label position, calculated and tabulated in Table 3. If the isotopic
size or structure of the amine on the isotope effect substitution influences only the zero-point vibrational
with respect taAH® or AS’. These results suggest that frequencies, the enthalpy of proton exchange (at 0 K)
the deuterium labeled amines hav®.2 + 0.1 kcal/ will reflect AZPE (= ZPE,, + ZPE,, — ZPE,; —

mol higher proton affinity than the nondeuterium ZPE,y, Fig. 6). The results in Table 3 predict that
labeled amines. It is often a good assumption to take normal isotope effects should be observed for the
AH° and AS’ as independent of the temperature, enthalpy of proton exchange, consistent with the
however theAH® values for the proton exchange experimental results. The results clearly show an
reactions studied here are so small that the tempera-effect of the label position and the structure of the
ture dependence could be significant. In that case theamine on the isotope effect with respect to
AH° values represent mean values with respect to the AH°(AZPE). The magnitudes of the calculatadi®
temperature interval studied. If there indeed is an values are only a factor of~2 smaller than the

effect of the size or structure of the amine on &te°, experimentalAH® values, and the trends are qualita-
this experiment is not sufficiently sensitive to detect tively similar.
it, but ab initio computedAH® values should be The effect of the ion source temperature &HH°

accurate enough to provide information about whether and AS’ has been computed. For the large amines
or not the size or structure is important. AH° decreases-5% from 300—700 K. The smaller
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Fig. 4. van't Hoff plot for dissociation of the proton bound dimer of: M,NH, (h + h), CH;CH,NH, and CD,CH,NH, (h + d) and
CD4CH,NH, (d + d). Instrument: VG 70-70.

Table 2
AH°® and AS® for dissociation of proton bound amine dimers [Egs. (5)—(7)]

Eq. (5) Eqg. (6) Eq. (7)

AH°P AS* AH°P AS* AH°P AS*
B-d, (kcal/mol) (cal/molK) (kcal/mol) (cal/molK) (kcal/mol) (cal/molK)
CD;3NH,, 26.8 34.9 26.9 33.9 27.0 36.0
CD;NHCH,g 25.7 33.6 25.8 33.1 26.0 34.7
CD;CH,NH, 24.7 30.8 25.0 29.7 25.2 32.1
CH;CD,NH, 24.8 29.9 25.3 29.2 25.4 32.6
CD;CH,NHCH, 24.d 30.5 24.1 29.6 24.2 31.4
CH;CD,NHCH;,4 24.¢ 30.# 24.0 29.1 24.2 31.4
CH;CH,NHCD, 23.9" 304 24.0 29.4 24.2 31.6
CD5CH,NHCH,CH;§ 23.6 33.7 23.7 32.7 23.9 35.0
CH,CD,NHCH,CH, 23.7 34.3 23.8 33.1 24.0 35.0

2Measured on VG 70-70 (high-pressure ionization).

®The estimated relative uncertainty along a row+€.05 kcal/mol,= 0.1 kcal/mol down a column and the absolute uncertainty is
estimated to 1.0 kcal/mol.

¢The estimated relative uncertainty along a rowti€.5 cal/molK, + 5.0 cal/moK down a column and the absolute uncertainty is
estimated to+ 5.0 cal/moiK.

d-eReplicated measurements.

~h Replicated measurements.

I Replicated measurements.
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Fig. 5. van't Hoff plot for proton exchange between {HD,NHCH; and CH,CH,NHCH;. Instrument: VG 70-70.

the size of the amine, the greater effect of the tempera- «-d; > «-d, > B-d;, which is a rational result. The
ture on AH°, so methylamine represents the system computational results for the proton exchange sug-
which is affected most. For methylaminé1® decreases  gests that the label position in turn will influence the
14% from 300—700 K. The same trend is observed for kinetic isotope effects for the dissociation reaction.
AS’ (for all systems), but the change is insignificantly The experimental and computational results suggest
small. The computedS’ values for all temperatures are  that normal kinetic isotope effects should be observed
very close to 0 cal/meék (= —0.02 and= 0.02 for the dissociation reaction, Eq. (9).

cal/molK). The effect of temperature oH® andAS’

ko Kyt
for proton exchange is small, and for the experimentally g+ 4 g. d, — (B)(B-d)H" —B + BH*-d,
determinedAH° values the effect is insignificant when m e
the accuracy of the experiment is considered. (©)

The results in Table 3 show that the influence of Dissociation reactions of proton bound amine
deuterium labeling on the relative proton affinity is: dimers, Eq. (9), have been studied using MIKES. The

Table 3

AH® e (APAL0? (298 K) for proton exchange between deuterium labeled and unlabeled amines [Eq. (8)]

B-d, R=H R = CH, R = C,Hs R = n-CgH, R = n-C,Hq
CD;NH-R 0.12 0.12 0.12 0.12 0.12
CH,CD,NH-R 0.09 0.10 0.09 b b
CD4CH,NH-R 0.03 0.03 0.03 e b

2In kcal/mol. Calculated at the MP2/6-31G(d,p) level. Frequencies are scaled [44].
® Not computed.
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CD3+NH2 2b 2d CH;NHz

ZPE;, [ = ZPE,,
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la [CH3NH;3---H,NCDs]*
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1c [CH3NH2"-H3NCD3]+

Fig. 6. Schematic energy profile (not drawn to scale) for association, intramolecular proton transfer and disstZREofproton exchange

between2b and2d) = ZPE,. + ZPE,, — ZPE,, — ZPE,,. Ey; andE, , are the activation energies for dissociation of the proton bound
dimer, la—c 1b is the transition state for intramolecular proton transfer.

Table 4

ky/kp? for dissociation of deuterium labeled metastable proton bound amine dimers [Eq. (9)]

B-d, R=H R = CH; R = C,H; R = n-C;H, R = n-C,Hq
CD;NH-R 41+0.1 1.63* 0.05 1.36+ 0.01 1.30+ 0.01 1.26x+ 0.02
CH,CD,NH-R 1.30+ 0.01 1.24+ 0.01 1.25+ 0.01 b b
CD4CH,NH-R 1.18+ 0.01 1.13+0.01 1.13+ 0.01 b b

2Measured on JMS-HX110/HX110A (low-pressure ionization).
® Not measured.
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Table 5
ku/kp? for dissociation of deuterium labeled metastable proton bound amine dimers [Eq. (9)]
B-d, R=H R = CH, R = C,H; R = n-C;H, R = n-C,Hq
CD;NH-R 1.39+ 0.01 1.28+ 0.01 1.22+ 0.01 1.19+ 0.01 1.16x 0.01
CH,CD,NH-R 1.16= 0.01 1.14+ 0.01 1.12+0.01 b b
CD,CH,NH-R 1.17+0.01 1.15+ 0.01 1.13+ 0.01 b b

#Measured on VG 70-70 (high-pressure ionization).
® Not measured.

kinetic isotope effects were measured on two different reactions take place with the same rate. For a homol-
mass spectrometers and tabulated in Table 4 (JMS-ogous series of parent ions undergoing the same type
HX110/HX110A, low-pressure ionization) and Table of reaction in a given field free region, the internal
5 (VG 70-70, high-pressure ionization). Normal iso- energy should increase with the number of degrees of
tope effects are observed for reactions occurring after freedom in order that the dissociation rate remain
both low and high-pressure ionization. This is consis- constant. This higher internal energy will result in a
tent with the results from the equilibrium measure- lower isotope effect. However larger proton bound
ments and the ab initio calculations. The magnitude of dimers are also heavier, and heavier ions take longer
the isotope effect for the dissociation reactions clearly to reach the field free region in the mass spectrometer.
depend on the label position, size and structure of the Furthermore, larger proton bound amine dimers are
proton bound dimer. The differences between the bound less strongly (Table 2). The degrees of freedom
kinetic isotope effects measured on the two instru- effect, the ion lifetime effect and the well depth effect
ments (Tables 4 and 5) illustrate the difference in will all influence the internal energy of the proton
internal energies of the reacting ions in the two bound dimer. The overall variation for the proton
instruments used. The difference between the critical bound dimers of CENH-R and CBNH-R (R = H,

energies of the two dissociation reactions (Fig. 6) will
be less important for ions of higher internal energy,
and will result in smaller kinetic isotope effects. The
difference in internal energies is caused by the differ-
ent ionization conditions and different ion lifetimes.
lons with a lifetime of 18—-2%s (for m/z100) have
been studied when using the JMS-HX110/HX110A
mass spectrometer (Table 4), and ions with a lifetime
of 15-19 us (for m/z 100) have been studied when
using the VG 70-70 mass spectrometer (Table 5). If

CHj;, C,Hg, n-C5H- or n-C,Hy) is illustrated in Fig. 7.
The kinetic isotope effect (1.145%5 0.010) for R=
CsH,, is empirically determined from the other
points.

The kinetic isotope effect for (CINH,)
(CHsNH,)H™* measured under low-pressure ioniza-
tion conditions k. /kp = 4.1 = 0.1, Table 4), is ex-
traordinarily large relative to the other systems. Be-
cause this may reflect mass discrimination in the mass
spectrometer, possibly related to the off-axis detector

the ionization conditions are assumed to be the sameemployed, the mass spectrometer was ascertained for
for the two instruments, the older ions (Table 4) mass discrimination. This yielded no observations
should have lower internal energy, and should in turn that can explain the extraordinarily large kinetic

result in higher kinetic isotope effects, which is
consistent with Tables 4 and 5.
The kinetic isotope effects diminish with increas-

isotope effect for the proton bound dimer of methyl-
amine.
The results in Table 4 show that the influence of

ing number of degrees of freedom in the proton bound deuterium labeling on the relative proton affinity is:
dimers. Reactions that take place in the field free a-d; > «-d, > B-d;, consistent with the results
regions in the mass spectrometer represents a veryfrom the ab initio calculations. However the results
narrow ion lifetime window, that is, the observed for dissociation of ions formed by high-pressure
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Fig. 7. The kinetic isotope effect for the dissociation of the metastable proton bound dimegWHSR and CHNH-R as a function of the
degrees of freedom of the proton bound dimer. Instrument: VG 70-70.

ionization (Table 5) indicate that the order is:d; >
B-d; > a-d,. The differences in the kinetic isotope
effects (Table 5) for the C(ECD,NH-R systems and (10)

the CD,CH,NH-R systems correspond to the esti- From the MIKES spectrum, Fig. 8, it is clear (in spite

mated uncertainty£ 0.01) of the measurement. It 5f the poor resolution) that loss of the-d, labeled
could therefore be argued that the observed relative

proton affinity order (based ok, /kp) between the
a-d, labeled and theB-d; labeled amines, is a
coincidence. The estimate of the uncertainty is based Table6 )

k. /kp for dissociation of the metastable proton bound deuterium
on the results of repeated measurements, Table 6, afabeled methylamine dimer at various ion source temperatures
different ion source temperatures (to detect possible and mixture compositions [Eq. (9), B CH;NH,]
tem.p.erature dependence) and with two m.ixtur.e com- o I(CD,NHZ)° P(CD,NH,)°
positions (to detect the presence of possible isobaric oC

m* n*
BH*-d, + B-dy <« (B-d,)(B-dy)H"— (B-d) + BH"-d,

r . X I(CH5NHZ) P(CH,NH,)
ions). All the systems have been tested like this, and

no dependence of the ion source temperature or thelgg i'gg 8"2;
mixture composition on the kinetic isotope effect, was 173 1.40 1.50
observed. In order to further elucidate these influences 202 1.39 1.50

on the relative proton affinity order for the-d, and géi 1:22 2;2(7)

B-d; labeled amines (when measured on the VG
. . a
70-70 mass spectrometer), reactions corresponding to . !0n source temperature. .
. Kinetic isotope effect K,,/kp) measured on VG 70-70 (high-
Eq. (10) have been studied on the VG 70-70 mass ,essyre ionization).
spectrometer for diethylamine. © Partial pressure ratio.
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Fig. 8. MIKE spectrum of the proton bound dimer of g¢D,NHCH,CH; and CD,CH,NHCH,CHj,. CI (CH,) ionization. The result of 500
electric sector scans were accumulated. Instrument: VG 70-70.

amine from the proton bound dimer is favored (i.e. the labeled amine from the proton bound dimer is favored
a-d; labeled amine have the higher proton affinity), (i.e. the «-d, labeled amine have the higher proton
which is consistent with the observed trend in Table 5, affinity), which is consistent with the observed trend
but inconsistent with the observed trend in Table 3, in Table 4, and furthermore consistent with the
where thex-d; labeled amines are calculated to have observed trend in Table 3, where thed, labeled
lower proton affinities. The same measurement has amines are calculated to have higher proton affinities.
been done for all thex-d,/B-d; systems on the  There s clearly a discrepancy (compare Figs. 8 and 9)
JMS-HX110/HX110A mass spectrometer using low- between the results obtained using low- or high-
pressure ionization, Table 7. The MIKES spectrum of pressure ionization, with respect to the proton affinity
the diethylamine system using low-pressure ioniza- order of thea-d, and 3-d labeled amines. Because
tion is shown in Fig. 9. Here the loss of thed, the results obtained using low-pressure ionization are

Table 7
Relative product ion intensities for dissociation of metastable proton bound dimers of trideuterium labeled and dideuterium labeled amine:

[Eq. (10)]

[(BH*-d,)? I(BH*-d,)®
B-dg B-d, [(BH*-dy) |(BH*-ds)
CD,CH,NH, CH,CD,NH, 1.04 1.10
CD,CH,NHCH; CH5CD,NHCH; 1.10 1.10
CHyCH,NHCD;4 CH,CD,NHCH, 0.92 0.91
CD,CH,NHCH,CH; CH,CD,NHCH,CH; 1.09 1.11

Measured on JMS-HX110/HX110A (low-pressure ionization). The uncertainty @s01.
b Indirect measurement [calculated from the BiBresults, Eq. (9)].
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Fig. 9. MIKE spectrum of the proton bound dimer of g¢D,NHCH,CH; and CD,CH,NHCH,CHj. CI (CH,) ionization. The result of two
electric sector scans were accumulated. Instrument;: IMS-HX110/HX110A.

qualitatively consistent with the results from the ab and the CHCD,NHCH; system have similar effec-
initio calculations, there may be special circumstances tive temperatures, and that the GIH,NHCH; sys-
associated with performing the measurement using tem seems to have a significantly lower effective
high-pressure ionization. An explanation for this phe- temperature compared to the other two systems. All of
nomenon has not yet been found. the CD,CH,NH-R systems have effective tempera-
CH;CH,NHCH; represents a special system be- tures that are significantly lower than the
cause it is the only amine (of the amines studied) CH;CD,NH-R systems. The accuracy of the effective
which is labeled in three different positions temperatures is determined by the validity of Eq. (4),
(CH;CH,NHCD;, CH;CD,NHCH;,4 and the accuracy of the measurég/k, values and the
CD3CH,NHCH,). The proton bound dimers of the accuracy of the calculatedPA values. Thek,/kp
unlabeled amine and each of the labeled amines, havevalues (Tables 4 and 5) are very well determingd (
the same size (i.e. same number of degrees of free-0.01 in most cases), so it is unlikely that this is the
dom), the same structure, essentially the same bindingcause of the discrepancy. The accuracy of the calcu-
energy (Table 2) and should therefore be expected to latedAPA values (Table 3) is not known. While small
have the same effective temperature if Eq. (4) is changes in thek,/kp values have an insignificant
considered to be valid. This should be the case when effect on the effective temperature, small changes in

comparing any CECH,NH-R system with the cor-
responding CHCD,NH-R system. From the mea-
suredk/ky values (Tables 4 and 5) and the calculated
APA (AH®4e0) values (Table 3), effective tempera-
tures for (B)(Bd,)H™ can be calculated from Eq. (4).
Doing so, it is found that the C}I€H,NHCD, system

the APA values have a large effect on the calculated
effective temperature. This suggests that tkieA
value could be poorly determined for the
CD;CH,NH-R systems. The problem with this argu-
ment is that the calculatedPA values for these
systems are all based on the same optimized structures
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Table 8

T (K) for deuterium labeled metastable proton bound amine dimers [Eq. (9)]

B-d, R=H R = CH,3 R = C,Hg R = n-C;H, R = n-C,Hq
CD;NH-R 44+ 1 128+ 8 203+t 5 238+t 7 270+ 17
CD,CD,NH-R 1675 204+ 8 196+ 7 b b
CD,CH,NH-R 149+ 7 202+ 14 202+ 14 b b

#Measured on JMS-HX110/HX110A (low-pressure ionization). The uncertainty is based only on the uncertaintigon
PNot measured.

of the neutral and the protonated amine, only the are obtained: CECH,NHCD; (0.127 kcal/mol),
frequencies are different (i.e. the ZPEs). This means CH;CD,NHCHj; (0.084 kcal/mol) and CECH,NHCH;

that the error because of the inadequacy of the level of (0.089 kcal/mol).

theory can be expected to be the same for all of the  From the measurekl /ky values (Tables 4 and 5)
systems. However assuming that tkieA value (0.03 and the correctedPA values, effective temperatures
kcal/mol) for some reason is poorly determined, the of (B)(B-d,,)H* have been calculated from Eq. (4),
APA value may be adjusted so that all of the and tabulatedin Table 8 (JMS-HX110/HX110A, low-
CD;CH,NH-R and CHCD,NH-R systems have ap- pressure ionization) and in Table 9 (VG 70-70,
proximately the same effective temperatures. An av- high-pressure ionization). The so-called effective
erage effective temperature for the three temperature (which is not an actual temperature) can
CH5;CH,NHCH; systems can be determined from a be regarded as a measure of the internal energy [35].
plot of In k,/k, versusAPA (Eq. (4)). Using the If this is the case we should expect to see an increase
correctedAPA value for the CQCH,NH-R systems in the effective temperature with increasing size of the
results in a straight line with a correlation coefficient reacting ion, i.e. an increase in the values along a row
of 0.992 and a effective temperature of 203 K if based in Tables 8 and 9. This is indeed observed, such that
on the values in Table 4, and a correlation coefficient the trend is qualitatively consistent with the argument
of 0.988 and a effective temperature of 321 K if based in this sense. The CIDIH-R systems (first row) have,
on the values in Table 5. These average effective as expected, lower effective temperatures compared
temperatures can be used to correct all of the calcu-to the CHCD,NH-R systems (second row) because
lated APA values from Table 3 (because tAA of the size difference. Because the accuracy of the
values are constant along a row). Based on the valuescalculated APA values is not known, the reported
in Table 4 and an average effective temperature of uncertainties in Tables 8 and 9, are therefore based
203 K, the following results are obtained: only on the accuracy of the measuredky values.
CH;CH,NHCD; (0.124 kcal/mol), CHCD,NHCH;,4 Craig et al. [61] have described the effective
(0.087 kcal/mol) and CECH,NHCH; (0.049 kcal/ temperature as the excess energy per mode of the
mol). Based on the values in Table 5 and an average proton bound dimer, Eq. (11), whesds the number
effective temperature of 321 K, the following results of oscillators in the proton bound dimer.

Table 9

T (K) for deuterium labeled metastable proton bound amine dimers [Eq. (9)]

B-d, R=H R = CH; R = C,H; R = n-C;H, R = n-C,Hq
CD;NH-R 194+ 4 259+ 8 321+ 12 367+ 16 431+ 24
CH,CD,NH-R 285+ 16 323+ 21 373+ 27 b b
CD,CH,NH-R 285+ 29 320+ 18 366+ 24 b b

2Measured on VG 70-70 (high-pressure ionization). The uncertainty is based only on the uncertdinti;on
b Not measured.
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Table 10

E — Ey? [keal/mol, from Eq. (11)] for deuterium labeled metastable proton bound amine dimers [Eq. (9)]

B-d, R=H R = CH,3 R = C,Hg R = n-C;H, R = n-C,Hq
CD;NH-R 33x0.1 14.2+ 0.9 29.8+ 0.8 435+ 1.3 59.0+ 3.7
CH,CD,NH-R 18.6= 0.5 30.0+ 1.2 35.8+ 1.3 b b
CD,CH,NH-R 16.6+ 0.8 29.7+ 2.1 36.9+ 2.6 b b

2Measured on JMS-HX110/HX110A (low-pressure ionization). The uncertainty is based only on the uncertdigfy on
® Not measured.

E-E, energies, which is not the situation for metastable
Teff = m (11) jons.

The extent of deuterium substitution will affect the
observed isotope effect (the isotope effects reported
so far in this paper are simply the observed ion
abundance ratios). This phenomenon has been studied
for metastable proton bound dimers of (g&N and
deuterium labeled trimethylamines, Eq. (9). The ki-
netic isotope effects of the reactions of the proton
bound dimers of (CEsN and CDN(CHy),,
S(CD3)2NCH3, or (CDy)3N have been measured; the
dimer ions were formed by high-pressure ionization.
ionization, has been multiplied by the number of It Was not possible .to form the proton bound dimers
modes in the proton bound dimer to give the excess USING low-pressure ionization. The GMCH;), sys-
energy,E — E,, and tabulated in Table 11. When tem showed a temperature and mixture composition
comparing the excess energies obtained from the dependence on the kinetic isotope effect, which sug-
relative peak heightsk(/kp, Eq. (9)), Table 10, witn ~ 9ests the presence of isobaric ions. Loss of HD from
the excess energies obtained from the half height peak CDsNH(CHz); (in the ion source) generates ¢B
widths (KER, and KER,, Eq. (9)), Table 11, the  N(CHa)z, which is isobaric with NH(CH);. As an
former have values which are50% greater than the ~ alternative to this system we can consider the
latter. The trend is clearly the same for the two sets of CD;NHCH,CHj system, for which HD loss is negli-
values. Considering the extent of data manipulation gible. The preferred way to convert the observed
required to obtain the values in Table 10, the agree- isotope effect to isotope effect per deuterium is to take
ment is remarkably good. Furthermore, Eq. (11) is a then™ root of the isotope effect, wereis the number
limiting equation which applies best at high internal of deuteriums. The validity of this procedure has been

Assuming this expression is valid, it is now possible
to convert the measured effective temperatures to
excess energief — Ej, of the metastable proton
bound dimers. This has been done for the effective
temperatures measured using low-pressure ionization,
Table 10. The excess energy can also be obtained
from the measured KER associated with the reaction
corresponding to Eq. (97, s (half height peak width)
were used as a measure of KER. The average value
of KER, and KER,, measured using low-pressure

Table 11

E — E? (kcal/mol, from KER) for deuterium labeled metastable proton bound amine dimers [Eq. (9)]

B-d, R=H R = CH,3 R = C,Hg R = n-C;H, R = n-C,Hq
CD;NH-R 22*x05 9.9+ 0.6 19.6+ 0.9 282+ 1.1 39.3+ 1.3
CH;CD,NH-R 11.8+ 0.7 19.6+ 0.9 284+ 1.1 b b
CD,CH,NH-R 12.3+ 0.7 19.7+ 0.9 29.6+ 1.1 b b

#Measured on JMS-HX110/HX110A (low-pressure ionization). KERKER,, + KERp)/2. The uncertainty is based on an estimated
uncertainty onT, 5 of = 0.5 meV.
® Not measured.
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tested. The kinetic isotope effect measured for the
CD;NHCH,CH; system is 1.22- 0.01 (Table 5),
which gives a value of 1.062 0.003 per deuterium.
The (CDy),NCH; system gives an observed kinetic
isotope effect of 1.52¢ 0.01, which results in a value
of 1.072 £ 0.001 per deuterium. Finally the (GBN
system gives an observed kinetic isotope effect of
2.03+ 0.01, which corresponds to a value of
1.082+ 0.001 per deuterium. The three values are
within acceptable range of each other, which thus
supports the use of the procedure.

The dissociation of proton bound amine dimers
was also investigated to study the effect of deuterium
labeling on the KER. Reactions corresponding to Eq.
(9) and Egs. 12 and 13 were studied on the JMS-
HX110/HX110A mass spectrometer (low-pressure
ionization).

-
(B),H" — BH" + B (12)

(B-d.),H" > BH*-d, + B-d, (13)

The KERs are small (2-16 meV) and increase with
the size of the proton bound amine dimer. Small
KERs are often an indication of a simple cleavage of

397

decrease, and thus, decrease the KER, in agreement
with their observations. They furthermore found that
for a group of isobaric amines the KER constitutes the
same fraction{10%) of the enthalpy of dissociation.
Two procedures were used to study the effect of
deuterium labeling on the KER for dissociation of
metastable proton bound amine dimers. The KER for
reactions given by Eq. (12) has been compared with
the KER for reactions given by Eq. (13). Doing this
the KER,/KER, ratios are observed to cluster around
1.00. The experiments are obviously not sensitive
enough for two independent measurements to be
compared. To detect the presumably small effect of
the deuterium substitution on KER, a single experi-
ment is needed like the reaction corresponding to Eg.
(9). Doing so all the KER/KER, ratios are observed
to be slightly greater than 1 (the average KFRER
ratio is 1.02), which suggests that a subtle effect of the
deuterium substitution on the KER might exist. Thus,
with loss of the unlabeled amine from the proton
bound dimer, (B)(Bd,,)H ™", one expects higher KERs
because KER/KER, > 1. The experiment is clearly
not sensitive enough for any possible trends to be
observed, so it is not possible to determine if the label
position, size or structure of the proton bound dimer is

the hydrogen bond, as opposed to large KERs, which jmportant. Once again the methylamine system shows

suggest that rearrangement be involved in the reac-

tion. Metastable proton bound amine dimers have
simple cleavage as the only reaction pathway.

Lund and Bojesen [62] studied the degrees of
freedom effect on the dissociation of proton bound

an abnormal behavior, with an unusually large KER
KERp, value of 1.31 (Eq. (9)). This is probably linked
to the unusually large kinetic isotope effect for this
system under the conditions in question.

The smallest systems from other compound classes

dimer systems, and observed that larger dimers yield have been studied in the same way, though not
larger KERs. They also studied a group of isobaric systematically. The results are presented in Table 12.
amines, and found that the enthalpy of dissociation When produced from high-pressure ionization, the
decreases with increasing proton affinity within the proton bound dimer of (CH,CO and (CR),CO were
group (this is not consistent with the result from our seen to dissociate such that the relative ratios of the
measurements for ethylamine and dimethylamine, product ions was dependent on the ion source tem-
Table 2). Because the critical energies for the associ- perature. This suggests special circumstances. The
ation reaction are negligible, the critical energies for proton bound dimer of acetone is subject of an
the dissociation reaction are equal to the enthalpy of ongoing study, which will be reported at a later date.
dissociation. The excess energy must then decrease to The acetonitrile system also shows an abnormal
the same extent that the critical energy decreases, inbehavior.APA,,, (—0.4 kcal/mol), APA,., (—0.07
order for the reaction rate to remain constant. Becausekcal/mol), k,,/kp (0.65, low-pressure ionization, Fig.
the excess energy and the critical energy decrease by3) and KER/KERy (0.88) show an inverse isotope
the same fraction, the difference must then also effect, butk,/kp using high-pressure ionization show
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Table 12
Results from analogue studies of deuterium labeled proton bound dimers of other compound classes

KER,©

AF,Aexpa APA{heob Tel‘fcve Teﬁd'e
B-d, (kcal/mol) (kcal/mol) kKo Kk KERp (K) (K)
CD;NH, 0.3x0.1 0.12 4.1+ 0.1 1.39%+ 0.01 1.31 44+ 1 194+ 4
CD;OH 0.3x0.1 0.12 2.02- 0.02 1.19+ 0.01 1.08 86+ 1 347+ 16
CD5;OCH; 0.3*x0.1 0.12 1.33+ 0.02 1.18+ 0.01 1.02 212+ 11 365+ 18
CDsCN —-04x0.1 —0.07 0.65= 0.04 1.10% 0.02 0.88 82+ 13 370x 59
(CD,),CO 0.0+0.1 -0.03 0.99+ 0.01 9 0.99 1502+ 755 L

2(8). Measured on VG 70-70 (high-pressure ionization).

b(8). Calculated at the MP2/6-31G(d,p) level. Frequencies are scaled [44].
©(9). Measured on JMS-HX110/HX110A (low-pressure ionization).

9(9). Measured on VG 70-70 (high-pressure ionization).

¢Based oMAPA,., The uncertainty is based only on the uncertaintykgfkp.
fMeasured by Dr. J.E. Szulejko, University of Waterloo.

9 The relative signal intensity is dependent on the ion source temperature.

a normal kinetic isotope effect (1.10, Fig. 2). There between the MIKES experiments performed on the
may be special circumstances associated with thetwo instruments is the amount of internal energy in the
measurement df, /Ky, using high-pressure ionization, metastable proton bound dimer. The discrepancy is seen
because this observation is clearly inconsistent with for the experiment where the metastable proton bound
the other observations for this system. Mass discrim- dimers have a relative large amount of internal energy. If
ination has, as discussed earlier, been excluded as g entropy effect is dominant at high internal energies,
possible source of error. To ensure that these obser-his phenomenon should be revealed from ab initio
vations were not cagsed by an interfering memory cqjculations. According to the ab initio calculations, the
effect in the reservoir, the measurement was repro- protonation of CHCN, compared to CEEN, is entropi-
duced 15 mo_nths later on t_h? same instrument with cally more favored at low internal energies, consistent
new agetpn|;rll?n;an((j:|acetonltrltﬂ-g. The sslm_e rzsult H with the observation of an inverse kinetic isotope effect.
was obtained. The .mass spectrum obtaine gnt €The computed\S’ values in the ion source temperature
JMS-HX110/HX110A instrument (low-pressure ion- . .
o range between 300-700 K are all negative, which means
ization) shows peaks only from the protonated mono- . . .

. : that the protonation of CELN will not be entropically
mers, dimers and trimers. The Cl mass spectrum _

. . . . favored at any temperature. In order to find out whether
obtained on the VG 70-70 instrument using high- hanaing the int I in the two MIKES
pressure ionization at an ion source temperature of,c anging Ie |'n e}:na energy 'P .e | (t)) havi erfper-
24 °C, shows peaks from the proton bound mono- |ment§ results in the same qualtatlve¥ e gwor,t e two

experiments have been performed using different accel-

mers, dimers and trimers, clusters between three ) I
acetonitrile molecules and protonated water, methyl- eration voltages. The kinetic isotope effect decreases

ated clusters of two acetonitrile molecules and one When the acceleration voltage is lowered (older ions
water molecule, and ethylated dimers and trimers. The have less internal energy) on the VG 70-70 instrument,
MIKES spectra from both instruments show a negli- i.e. the result approaches the result obtained on the
gible amount of deuterium exchange/g 41, 43 and JMS-HX110/HX110A instrument (where the ions have
44) in the proton bound dimer, and minor peaks ( less internal energy). The same trend is observed when
1%) from CH;, CD;, HCNH" and DCNH'. Deute- using the IMS-HX110/HX110A instrument. The results
rium exchange will result in the opposite effect, i.e. from both instruments seem to be at least qualitatively
decrease the CITNH™ signal and to a lesser extent consistent with respect to the internal energy. This
increase the CECNH™ signal. The main difference  phenomenon is currently under study.
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The proton affinity difference between GEX-R and (CDy),CO (30.0 kcal/mol) [63]. This could be a
and CH-X-R (X=0O or NH, R=H or contributing factor for the low effective temperature
n-C.,H,m. 1) Seem to be independent of X and R for observed for the CENH, system.
the systems studied. FurthermordPA, ., and Once again considering the results obtained on the
APA,,, are seen to be qualitatively consistent. JMS-HX110/HX110A instrument, the kinetic isotope

The IJMS-HX110/HX110A instrument is clearly effects, k,,/kp, can be compared with the effect of
more sensitive towards measuring kinetic isotope labeling on the kinetic energy release, KERERy
effects and effective temperatures. The following (Fig. 10). As is evident from Fig. 10, KERKER, is
discussion will concentrate on results obtained on this observed to increase with increasikgkp. Fitting a
instrument. The effective temperatures of the,OBI straight line to the points results in a correlation
system (86 K) and the CIZN system (82 K) are  coefficient of 0.985 (0.999 if CECN is disregarded).
approximately equal. Because these two systems haveThis relationship can be rationalized from Fig. 6. As
the same size (i.e. no size effect) it could be argued discussed earlier, the size of the kinetic isotope effect
that under the given conditions metastable proton is dependent on the amount of internal energy (i.e. the
bound alcohol and nitrile homodimers (of the same value of the parameter called the effective tempera-
size) will have the same effective temperature (i.e. ture). For largeE values (Fig. 6) oIT values the
contain the same amount of internal energy). The difference in the critical energieg, , andE,  (Fig.
difference in bond strength between the (M 6), become less important, which in turn will result in
system and the CITN system is 2.7 kcal/mol [63], smaller kinetic isotope effects. The same argument
which apparently has no effect on the relative effec- can be used for KER KERp. For large internal
tive temperature (unless other factors have cancelledenergies the difference between KERNnd KER,
out the difference). The CIDCH, system is larger  become less important, which in turn will result in a
(~50% more degrees of freedom) and, presumably lower KER,/KER ratio.
because of the size difference, have a higher effective
temperature (212 K). The effective temperature for
the (CD;),CO system (1502 K) has a large uncer- 4. Conclusion
tainty (= 755 K), but even considering this it can be
compared to the CEDCH; system, which is of The dissociation reactions of isotope labeled pro-
similar size. This suggests that ketones have higherton bound dimers, (B)(Bk,)H", have been studied
effective temperatures than amines, alcohols, etherswith mass spectrometric methods, using high and
and nitriles (of similar size). The CIDNH, system has  low-pressure ionization. Proton transfer reactions be-
a low effective temperature (44 K). The size of this tween deuterium labeled aminesdB- and unlabeled
system is comparable with the GDH and CDCN amines, B, have been studied with ab initio theory and
system, suggesting that amines have lower effective using equilibrium methods.
temperatures compared to the other types of com-  Normal isotope effects were observed for all of the
pounds of similar size that have been studied. Proton amine systems studied, consistent with the results
bound dimers of nitriles and oxygen bases have from the theoretical study.
bonding energies in the range 27-33 kcal/mol. Proton A small isotope effect on the enthalpy of associa-
bound amine dimers, in contrast have binding ener- tion (~0.1 kcal/mol) and on the enthalpy of proton
gies in the range 23-27 kcal/mol, depending on the exchange {0.2 kcal/mol) was observed. Because of
size of the amine. It is therefore not surprising that the the sensitivity of the experiment it was not possible to
bond strength (the well depth, Fig. 6) is smaller for the determine if the label position, size or structure of the
CD;NH, system (26.8 kcal/mol, Table 2) compared to proton bound dimer was important.
the other systems, COH (32.3 kcal/mol), Kinetic isotope effects were measured from
CD30OCH; (30.3 kcal/mol), CQCN (29.6 kcal/mol) MIKES experiments for the dissociation reaction. The
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Fig. 10. Plot of KER/KER, Vs ky/kp (Eq. (9)) for proton bound dimers, (B)(8;)H* (B = CH,CN (1), (CH;),CO (2), CH;OCH;, (3),
CH5OH (4), CH3NH, (5)) Instrument: IMS-HX110/HX110A.

kinetic isotope effects were measured at different ion follow the trend expected for the internal energy,
lifetimes. Larger kinetic isotope effects were observed which suggest that the effective temperature may be
with lower internal energies. The magnitude of the qualitatively consistent with the internal energy.
isotope effects for the dissociation reactions was  Excess energies for the metastable proton bound
found to depend on the label position, size and amine dimers were determined from measured kinetic
structure of the proton bound dimer. The magnitude isotope effects as well as from KER measurements.
of the kinetic isotope effect was found to vary with the The two sets of results were found to differ by
number and position of the deuterium label in the essentially a constant ratio, that is, the two sets of
following way: «-d; > «-d, > B-d;. When high- results were qualitatively consistent. This suggests
pressure ionization was used, this order changed to: that the use of the kinetic method, and the assumption
a-d; > B-d; > a-d,, inconsistent with observations that the effective temperature is described as the
discussed earlier. For larger systems smaller kinetic excess energy per mode in the metastable proton
isotope effects were observed. bound dimer, are supported.

The extent of deuterium substitution were found to Small effects of the deuterium labeling on the KER
affect the observed isotope effect. Titité root (where for the dissociation reactions were observed, when
n is the number of deuterium atoms) of the kinetic low-pressure ionization was employed, in favor of
isotope effect will correct it to be per deuterium atom. loss of the unlabeled amine (KEKER, ~ 1.02).
This correction was applied and found to be suitable. Because of the subtlety of the effects it was not

Effective temperatures have been calculated for all possible to determine if the label position, size or
of the metastable proton bound amine dimers that structure of the proton bound dimer was important.
were studied. The effective temperature is seen to  Analogous nonsystematic studies of other com-
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pound classes (CJ®OH, (CH;),0, CH,CN and
(CH,3),CO) showed normal isotope effects, except for
the proton bound dimer of CJN and CDCN,
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