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Abstract

A new apparatus for making blackbody infrared radiative dissociation (BIRD) measurements at below ambient temperature is described,
and its use for measuring threshold dissociation energies of weakly bound clusters is demonstrated. Hydration energies are determined for
alkaline-earth metal water clustersstH,0),, X = Mg, Caand: = 8-10. Fomm = 8 and 9, the energies obtained from BIRD measurements
are in excellent agreement with values reported previously, but ferl0, the energies are slightly lower than those determined previously
using the high-pressure ion source mass spectrometry (HPMS) equilibrium method.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction important role. In principle, it should be possible to exam-

ine each of these interactions individually by studying the
In aqueous solution, the conformation of a molecule is the respective hydrated ions in the gas phase.

result of a delicate balance between intramolecular forces Electrospray ionization (ESIB,4] is a “soft” ionization

and forces between the molecule and water. In the gas phasemethod that is well known for its ability to produce intact gas

information about the intrinsic conformation of a molecule phase ions of large molecules, such as proté&n8], and di-

can be obtained from isolated molecules without solvent. A valent metal ions directly from solutiofi@-16]. Extensively

key difference between gas phase and solution phase interhydrated ions, both of biomolecul§sr—23]and of divalent

actions is the ability of water to solvate charge in solution. metal ions[9-16] can also be produced directly using ESI.

Because water molecules have an unusually large dipole mo-Alternatively, hydrated ions and other solvent-attached clus-

ment and can reorient themselves along electric fields, wa-ters can also be formed by condensation of solvent molecules

ter can attenuate the strength of electrostatic interactions byonto “naked” ions in the supersonic expansion of an electro-

a factor of~80. Consequently, electrostatic interactions are spray interfacg24,25] Both mechanisms for hydrated ion

markedly influenced by the presence of water molecules. production, solvent evaporation and condensation, can oc-

In solution, water influences the strength of metal ion in- cur in ESI[18]. The ability to produce hydrated metal ions

teractions with other molecules. For example, the regula- makes it possible to obtain quantitative information about the

tor protein calmodulin is activated by the binding of either gas phase binding interactions of individual water molecules

three or four C&" ions [1,2]. The binding interaction be-  and the metal ion through equilibrium or kinetic experi-

tween C&" ions and calmodulin is in competition with both  ments. In equilibrium experiments, such as high-pressure

Ca*t—water and calmodulin—water interactions. Thus, metal ion source mass spectrometry (HPMS) or low field ion mo-

ion hydration studies provide not only the fundamental metal bility experiments, the enthalpy differencaH, between

ion chemistry in water, but can also give insight for many the reactant and product states is measured from the tem-

biological reactions in which metal ion interaction plays an perature dependence of the equilibrium constant. In kinetic
methods, such as blackbody infrared radiative dissociation
(BIRD), the threshold dissociation energy, is determined
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ily related when the dissociation pathway has no significant Rear side
reverse activation barrier. Reactions for the loss of a single Source side Opening
water molecule are expected to have loose transition states gpening
with minimal reverse activation barriers.

Kebarle and coworkers were the first to measure the
dehydrationAG, ,_1 of divalent alkaline-earth metal ions
formed by electrospray using HPMS equilibrium mea-
surementg9,10]. The numbers of inner shell versus outer
shell water molecules were determined by comparing ex-
perimentalAH, ,—1 and AS, ,_1 values to the results of Holes for
theoretical calculationfl1]. The maximum number of in- ~ ZX¢te/Detecymiap )
ner shell water molecules increases with cation size. The P N2(q) cooling lines
E, values for hydrates of divalent alkaline-earth metal ions
with four to seven water molecules were measured by Trap Plates
BIRD [14,15] Two isomers for M&"(H»0)s were found v/ \v
to exist: one with all six water molecules in the inner shell,
and one with four water molecules in the inner shell and
two in the outer shell. Triply charged hydrates of metal ions
have not yet been formed by electrospray. Formation of the

metal hydroxide, [XOH(HO),_1]4*", with loss of O™ is \
commonly observe{26,27] Macor Rings

While BIRD has been used to obtdig values for many Excite & Detect Plates
biomoleculeq28,29] and noncovalent complex¢30-32}
including DNA duplexeg433], and protein—oligosaccharide
complexeg[34,35], its use has been limited to complexes
that dissociate slowly or not at all at room temperature. For
weakly bound complexes that dissociate rapidly at room either resistively heated, or cooled by liquid nitrogen. The
temperature, it is difficult to obtain accurate dissociation ion cell is 7cm in diameter and 10 cm in lengffid. 1, bot-
rates at elevated temperatures. Here, we report results fromtom). It consists of four excite/detect plates made from cop-
a new ion cell and thermal jacket that can be either heatedper mesh to minimize their thermal mass, two macor rings
or cooled. The use of this new apparatus is demonstrated bythat electrically isolate each of the plates from the thermal
measuringEy values of alkaline-earth water clusters ions: jacket and from each other, and two beryllium—copper alloy
X?*(H20),, X = Mg, Ca;n = 8-10. trap plates.

The thermal jacket is made from oxygen-free copper, and
it fully encloses the cell except for 10 holes showrkig. 1L

Fig. 1. Schematic diagram of the liquid nitrogen cooled thermal jacket
(top) and the cylindrical FT-ICR ion cell (bottom).

2. Experimental Two of the larger openings (2.0 cm diameter and 1.5cm di-
ameter) are centered along the long axis of the ion cell. The
2.1. Instrumentation excite/detect/trap wires are passed through six of the smaller

holes (5 mm diameter). Thermocouple wires pass through

Experimental measurements were performed on a 2.7 Tanother small hole to measure the temperature of the rear
external ESI source Fourier-transform ion cyclotron reso- trap plate. The remaining hole is not used in this experi-
nance (FT-ICR) mass spectromef86]. Divalent magne- ment. Glass tubes surround these wires to provide electrical
sium and calcium ions are formed by nanoelectrospray usingisolation from the thermal copper jacket, and they also de-
MgCly and CadJ solutions in which the metal ion concen- crease the transmission of infrared light into the cell. The
tration is 1x 10~3M. Nanoelectrospray needles are made rear axial opening is blocked using a solid circular copper
from 1.0 mm o.d. borosilicate capillaries that are pulled to an cap for most of the experimenFig. 1, top). During tem-
i.d. of ~4 um at one end using a micropipette puller (Sutter perature calibration, however, the solid rear cap is replaced
Instruments Inc., Novato, CA). lons are guided through five with one which has a 5mm diameter hole, through which a
stages of differential pumping into the magnetic field via a thermocouple is introduced into the ion cell centeig( 2).
series of electrostatic lenses. lon trapping is enhanced usingA source-side cap is attached in front of the source-side ax-
nitrogen gas which is introduced through a pulsed valve to a ial opening for most of the experiments. The cap consists of
pressure of-2 x 10-6 Torr. After a 5s delay, the base pres- a5cm diameter copper plate that is attached to a 0.64 cm di-
sure of the vacuum chamber returnst® x 10~° Torr. lons ameter tube that is 5.1 cm long. These caps reduce the solid
are isolated using multiple single frequency waveforms. angle subtended by the axial opening, effectively decreas-

All BIRD experiments are performed with a cylindrical ing the flux of photons from the vacuum chamber into the
ion cell that is surrounded by a thermal jacket, which can be ion cell (Fig. 1). The two caps were removed from the ther-
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lowest energy structures (spanning an 8kcal/mol range)
T T2 generated from conformation searching were used as the
00 starting geometries for RHF/3-21*@alculations. Although
T the four structures are quite different, with anywhere from
tHH T five to seven water molecules in the inner shell, the same
v AR 0 dissociation threshold energy valug,, is obtained from
/ master equation modeling using the frequency sets for any
of the four structures. Similar results have been reported for
isomers of Mg*(H20),; n = 5 and 6[14,15], and for the
T3 three isomeric molecules, valine, betaine and alanine ethyl
Fig. 2. Schematic diagram of the thermal jacket and ion cell showing the ester[22].
locations of the thermocouples: thermocouples T1 and T2 are located at  The microcanonical dissociation rate constants used in
oppgsite ends of the thermal jacket, and T3 is located in the center of {ha master equation modeling were calculated using RRKM
the ion cell. theory. The transition state frequencies were generated from
the corresponding reactant frequencies by deleting one of
mal jacket during kinetic measurements made-afl. and  the frequencies and altering five other frequencies. The fre-
—31°C. quencies of the transition state affect the entropy change be-
The thermal jacket is wrapped by four turns of a 0.64.cm tween the reactant and transition stalsf). TheAS& is re-
o.d. copper tubeRig. 1). This tube is silver-soldered to the | 1i04 to the high-pressure Arrhenius frequency facte)
jacket to ensure good thermal contact, and both ends of theMg2+(H20)9 was chosen to test the dependencBgon the
tube are connected to the rear flange of the vacuum cham-deleted frequency. For bottP® = 103 and 16851, corre-
ber. The thermal jacket is cooled by passing liquid nitrogen
through this copper tube. The temperature of the thermal tively, removing either a mode at1000 cnT! or a mode at
jacket is measured by a temperature—controller (Model No. ~3000 cnr? results in essentially the sarfig value. As we
CN76000, Omega Engineering, Inc., Stamford, CT), which have reported previously for weakly bound clus{&g], the

regulates the rov_v Of. liguid nitrogen via a solenoid valve E, extracted from the master equation modeling is insensi-
;Elo reach an(;I rr?alr;]tam al _setktempleraturr;ﬂ'l;rcl:e tercr;pﬁraturqive to which frequency is deleted for these hydrated ions.
fluctuation of the thermal jacket Is less t » and the This is due to the significant depletion of the population with
Ja}cket .'S gqU|I|brated for over 8 h prior to measuring cluster energies above the threshold dissociation energy. This phe-
dissociation rates. nomenon, and the relative insensitivity & with choice of
transition state are described in detail elsewljgre38]

sponding to a “neutral” and a “loose” transition state, respec-

2.2. Modeling

At the pressures of the experiments3(x 10-° Torr), col-
lisions are so infrequent that the ion internal energy is de- 3. Results and discussion
termined by the surrounding blackbody radiation figé].
The dissociation threshold enerdy,, can be determined 3.1. Temperature inside the ion cell
from a master equation calculation to fit the experimental
dissociation rate constants and Arrhenius parameters. De- A new ion cell and a thermal jacket were built which make
tails of the master equation modeling are given elsewhere possible BIRD measurements at temperatures significantly
[31,37] above and significantly below ambient temperature. Because

To obtain parameters necessary for the master equa-the thermal jacket does not fully enclose the ion cell, the
tion modeling, structures of the complexes are calculated. photon distribution inside the ion cell is a combination of
Low-energy structures of Mg (H.0), and C&t(H20), photons emitted from the thermal jacket and those radiated
(n = 7-10) were generated by using an internal coordinate from the vacuum chamber. If radiation transfer outside the
Monte Carlo search with 2000 steps followed by a molecu- thermal jacket is significant, then the dissociation rate con-
lar mechanics energy minimization using the MMFFs force stants of ions will be a function of temperatures of both the
field in the Maestro 3.0 suite of programs (Schrédinger vacuum chamber and of the thermal jacket. Consequently,
Inc., Portland, OR). The lowest energy structure generatedthe measured rate constants will be less sensitive to the tem-
from the conformation searching was then used as a start-perature change of the thermal jacket than if the photon dis-
ing geometry for subsequent energy minimization at the tribution inside the ion cell only depends on the temperature
RHF/3-21 & level using Jaguar 4.0 (Schrédinger Inc.). of the thermal jacket, resulting in artificially low values of
Vibrational frequencies and their corresponding transition measured activation energy, dissociation threshold energy
dipole moments were calculated from the resulting energy and enthalpy K5, E; and AH). Such deviation is expected
minimized structures at this same computational level. The to be more significant at reduced temperature, since the en-
only exception was Cd (H,0)s, for which four of the ergy density in a blackbody radiation field is proportional to
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the fourth power of the temperature. Heat can also transfer The higher temperature measured by T3 versus T1 and T2
to the excite/detect/trap plates through their electrical con- can be due to (1) heat transfer to the cell center via photons or
nections, as these wires extend out to room temperature. molecules leaking into the cell, (2) photons emitted from the
Two separate experiments are performed to determine theexcite/detect/trap plates that are at higher temperature than
temperature inside the ion cell and to relate this to the tem- the thermal jacket due to their high thermal mass and/or heat
perature of the thermal jacket. In one experiment, three ther-transfer through the electrical connections, and (3) thermal
mocouples are placed in different regions of the ion cell and conduction through the thermocouple wire itself.
the thermal jacket to measure any temperature gradients. In For most experiments, two copper caps were placed at
the other experiment, hydrated Kfgand C&* clusters are  opposite ends of the thermal jacket to minimize the solid
used as “thermometer” ions and their dissociation kinetics angle subtended by the cell axis opening at the center of
are used to determine the temperature experienced by thehe ion cell Fig. 1). The two end-caps reduce the solid an-

ions. gle subtended by the opening at the center of the cell to
1.5% of its original value. This overestimates the effective-
3.2. lon cell temperature calibration using thermocouples ness of the caps, because ions do not stay in the center of

the cell, but rather move back and forth between the trap

The ion cell temperature was measured using three plates. Nevertheless, this rough estimate suggests that these
0.025cm diameter copper—constantan thermocouples (typeend-caps significantly reduce energy transfer from external
T) placed at different locations as shown fiig. 2 One  Pphotons or molecules to the trapped ioRgy. 4 shows the
thermocouple (T3) was positioned in the center of the ion Arrhenius plots of the dehydration reactions fér"H20),,
cell, and two thermocouples (T1 and T2) were placed on X = Mg, Ca;n = 8-10 using the temperature scale derived
opposite ends of the thermal jacket. A 2 ctrll cm copper from the thermocouple calibration. When the copper caps
mesh plate was folded in half and attached onto thermo- are removed at the two coldest thermal jacket temperatures
couple T3 to provide an increased surface area for photonof —21 and—31°C, the measured dissociation rate constants
absorption and emission. The thermocouple leads weredo not deviate from the Arrhenius relationship with respect
electrically isolated using glass tubes. Measurements fromto the estimated ion cell temperature. The linearity of the
all three thermocouples were recorded as the temperaturéArrhenius plots irFig. 4indicates that external photons and
of the thermal jacket was reduced from 24-t480°C. The molecules have no appreciable effect on the kinetics.
temperatures measured by T1 and T2 are withir? G.5f The temperature in the center of the ion cell is not only
each other at all temperatures, indicating that the thermal affected by photons emitted from the thermal jacket, but also
jacket attains a uniform temperature. However, the temper-the photons generated from the excite/detect/trap plates, as
ature of T3 is increasingly higher than the thermal jacket
temperature as the jacket temperature decreases. With the
thermal jacket at-26°C for 24 h, the temperature recorded
by T3 is—17°C. The deviation between the temperature of T(C) —
the thermal jacket and the temperature inside the ion cell 80.0 20.0 100 00 -100 200
can be fit to a second order polynomial functidng( 3). 057
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-200 -150 -100 -50 0 Fig. 4. Arrhenius plots of the dissociation reaction for loss of one water

Temperature of Thermal Jacket (°C) molecule from X*(H20),, X = Mg, Ca andr = 8-10 using a tempera-
ture scale that is corrected using the thermocouple calibration approach:
Fig. 3. lon cell temperature calibration curve in which the temperature 7 = 8, Mg?* and C&" water clusters (open and solid circles, respec-
of the thermal jacket is plotted relative to the temperature in the ion tively), n = 9, Mg?* and C&" water clusters (open and solid squares,
cell center as measured by thermocouple T3. A second-order polynomial respectively),n = 10, Mg?" and C&" waters cluster (open and solid
function is used to fit the data. triangles, respectively).
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these plates constitute a significant fraction of the emitting trapped in the center of the cell, the measured dehydration
surface within the ion cellKig. 2). These six plates have fi- rate constants are determined by the photon distribution
nite thermal masses and are connected by thin copper wiresn that region. The data irrig. 3 is used to relate the
to feedthroughs that are at room temperature. Two experi-temperature of the jacket to the temperature the ions expe-
ments were conducted to investigate the extent of the heatrience inside the cell. Arrhenius plots using these ion cell
transfer from these plates. The temperatures of the rear trapgemperatures are shown kig. 4.
plate and thermocouple T3 (in the center of the cell) were  From the Arrhenius plots ifig. 4, it is possible to derive
measured as a function of time after lowering the jacket E, values via master equation modeling. Parameters in the
temperatures te-26°C. After 150 min, T3 was at-5.7°C modeling, including the high-pressure Arrhenius frequency
and the rear trap plate was-a6.2°C. After 24h, T3was at  factor, A>*, andE, values are varied to fit the experimental
—17.3°C and the trap plate was at19.1°C. These results  data. The criteria for a suitable fit is that the calculated
show that the temperature of the trap plate is not the same awalues ofE; and A are within one standard deviation of
the thermal jacket temperature even after the jacket temper-the corresponding experimental values, and the calculated
ature is cooled for 24 h. Presumably, the temperatures of thedissociation rate constants, are within a factor of two of
source trap plate and mesh excite/detect plates are similar tahe experimental values. Loss of water can have a range of
that of the rear trap plate since they have comparable masstransition state entropies. A neutral transition statd of =
The temperature of T3 remains closer to temperature of the10'3s~1 and a very loose transition staté® = 10'8s~1 are
trap plate than to the thermal jacket temperature throughoutselected for master equation modeling. Assuming that there
the cooling process. is no reverse activation barriepAH,, ,_1 at temperaturd
In a separate experiment, the copper mesh excite/detectan be obtained from thg, from the following relationship
plates were replaced with thicker solid plates that had ap- [38,39}
proximately seven times the mass of the mesh plates. The
wires to the excite/detect plates were also replaced with AH, ,_1(T) = Eo + Evin(P, T) — Evip(R, T) +4RT (1)
thicker wires. After the thermal jacket was cooledtd6°C
for 150 min, the temperature of T3 was 18@and the rear  where E\jp(P, T) is the average vibrational energy of all
trap plate was 4.3C. This result shows that the cooling rate products at temperatur€, and Eyix(R, T) is the average
of both the rear trap plate and the cell center are slowed downvibrational energy of the reactant at temperaflire
by the use of the thick solid plates. Results of both experi-  Table 1lists AH,, ,—1 values at 298 K obtained from pre-
ments clearly show that the temperature of excite/detect/trapvious HPMS equilibrium measuremeifitd] and from these
plates is not equal to that of the thermal jacket even after BIRD measurements. The values/fig 7 for Mg (H,0)g
24 h temperature equilibration, and that the temperature inand for C&(H»0)g determined from these BIRD experi-
the center of the ion cell is influenced by the temperature of ments are B2+ 0.08 eV and 076 + 0.06 eV, respectively.
these ion cell plates. Values of 078+ 0.04 eV and 070 & 0.04 eV, respectively,
From this testing, we conclude that the ion cell center (T3) were reported by Kebarle and coworkers. Thedd val-
is warmer than the thermal jacket (T1 and T2) mainly due ues determined by the two methods agree within the experi-
to photon energy transfer from the warmer excite/detect/trap mental uncertainty. Similarly, thaHg g values obtained by
plates, and that the effect of externally generated photonsBIRD agree within experimental error with those determined
and molecules leaking into the thermal jacket is small by using the HPMS equilibrium method. For Ktg(Ho0)o,
comparison. Heat can also transfer through the thermocoupleAHg g from BIRD is 0.74+0.06 eV and 073+£0.04 eV from
wire of T3, causing T3 to be warmer than its surroundings, HPMS. For C§+(H20)9, AHg g determined from BIRD

but this deviation is likely to be small. measurement is.67 + 0.06 eV and 066 + 0.04 eV using
the HPMS equilibrium method.
3.3. Hydration energies of X?*(H20),, X = Mg and Ca However, the values ofAHjpg9 obtained by the two

methods do not agree. The BIRD derivédHigg value

In order to evaluate the accuracy of the thermocouple cal- of Mg?t(H20)10 is 0.55 + 0.04eV, whereas the value
ibration method, the dissociation 0X(H,0),, X = Mg reported by Kebarle and coworkers i$8+ 0.04 eV. Sim-
and Ca;n = 8-10, is investigated at low temperatures ilarly, the values ofAH1gg for C&t(H20)10 obtained by
via BIRD. The dehydration enthalpieaH,, ,_1) of these BIRD and HPMS are 1+ 0.06 eV and 063+ 0.04 eV,
divalent alkaline-earth metal water clusters have been deter-respectively. Multiplying the transition dipole moments for
mined by Kebarle and coworkers using a HPMS equilibrium Mg?+(H,0)19 and C&*(H20)1 by factors of 0.5 and 1.5
determination methoflL1]. Threshold dissociation energies in the master equation resulted in no fits, indicating that the
obtained by BIRD and those determined from HPMS exper- deviation in the results from these two methods/ifor 10
iment provide an opportunity to compare the two methods. is not due to error in calculated radiation rate constants.

Dehydration rate constants of Kig(H.0), and C&t Since the temperature range used to acquirenthe 9
(H20),, n = 8-10, were measured with the thermal jacket clusters data overlaps with that of the= 10 clusters, it
temperature between 24 and31°C. Because ions are is surprising that the BIRD results far= 9 clusters fit so
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Table 1

Measured zero-pressure limit Arrhenius activation energies, derived dissociation threshold energy values, and dehydration enthalpy Walues (in e
Ea Eo AHgrD? AHHpMsa‘b Theoretical

Mg?t(H,0)s 0.45+ 0.04 0.79+ 0.08 0.82+ 0.08 0.78+ 0.04 0.66

Mg?* (H20)e 0.36+ 0.01 0.70+ 0.06 0.74+ 0.06 0.73+ 0.04

Mg?t(H20)10 0.205+ 0.005 0.54+ 0.04 0.55+ 0.04 0.68+ 0.04

C&+(H20)s 0.395+ 0.005 0.73+ 0.05 0.76+ 0.06 0.70+ 0.04 0.38, 0.88¢

Cet(H20) 0.26 + 0.01 0.63+ 0.06 0.67+ 0.06 0.66+ 0.04 0.58

C&+(H20)10 0.185+ 0.015 0.51+ 0.06 0.51+ 0.06 0.63+ 0.04

2All AH values are enthalpy changes at standard state 1atm at 298 K.

b From referencd11]. Successive water binding energy calculated using DFT B3LYP by Paviov BGal.
€[Mg?2* (H20)](H20)2.

d gt (Hy0)g.

€ Successive hydration enthalpies at 298K calculated using MP2 by Katz [dfLal.

well with the HPMS equilibrium results while the results calibration” are shown ifrig. 5. The Arrhenius data for the

for then = 10 clusters do not. X2*(H20),, X = Mg, Ca ands = 9, 10 has curvature at
the lower temperatures.

3.4. lon cell temperature calibration using thermometer In addition to the curvature in the Arrhenius plots using

ions the thermometer ion calibration scafled. 5), a wide range

of transition state entropies are required to fit the experi-
From the previously reported values of hydration en- mentalE, values to HPMS results. For both Kig(H20)s

thalpies of alkaline-earth metal ions, it is possible to obtain and Ca&*(H,0)g, significantly lower values oh™ are nec-
a temperature from the zero-pressure kinetics by doing essary to fit the experimental results than are required for
essentially the reverse process in the master equation modMg?* (H20)10 and C&*(H20)10. For example, the experi-
eling. Namely, T is varied in the modeling while&, is mentalE, value of C&*(H»0)g using the thermometer ion
fixed at the previously measured value. ValuesEgfare calibration is 0.40 eV. The calculatégy values are 0.42 eV
determined fromAH, ,_1 values obtained from HPMS for A% = 10'3s71 and 0.31eV forA>® = 10'8s~1. Thus,
equilibrium experiments vi&q. (1) [11] Using theseE, a “neutral” transition state is required to fit the data. For
values, zero-pressure activation energy valligs.are cal- Mg?t(H20)10, the experimentaE, using the thermometer
culated from master equation modeling using frequency ion calibration is 0.30 eV, and the calculated valueEpére
sets corresponding to both® = 10'3 and 168s1. The 0.40eVforA>® = 1018s 1and 0.31eV fod>® = 108571,
temperature scale is varied until the resulting zero-pressureThus, a very “loose” transition state is required to fit the data.
Arrhenius parameters match those calculated from the mas- The large difference in transition state entropies required
ter equation modelingTable 2. A third-order polynomial to fit the data is much greater than expected based on the
function is used to fit the ion cell temperature derived in A(AS) values measured by the HPMS equilibrium method
this way to the thermal jacket temperature. Arrhenius plots [11]. In the HPMS equilibrium experiments, the difference
using the temperatures derived from the “thermometer ion in the dehydration entropy betweexS;g9 and ASg 7 for

Table 2
Calculated zero-pressure Arrhenius parameters
Ax Zero-pressure Arrhenius parameters calculated using
HPMS equilibrium resulés Thermometer ion temperature calibration
Ea (eV) A Ea (eV) A
Mg?*(H20)s 103 0.54 167 0.46 169
108 0.39 160
Mg?*(H20)e 10%3 0.46 1G° 0.40 164
108 0.32 162
Mg?*(H20)10 103 0.40 162 0.30 163
108 0.31 161
C&+(H20)s 103 0.42 163 0.40 163
108 0.31 160
Ca*(H20)e 10%3 0.33 162 0.29 1d¢-7
108 0.23 100
Ce&+(H20)10 103 0.35 166 0.27 108
108 0.24 143

a8From referencdl1l].
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Fig. 5. Arrhenius plots of the dissociation reaction for loss of one water
molecule from ¥+ (H20),, X = Mg, Ca andn = 8-10 using a tempera-
ture scale that is corrected using the thermometer ion calibration method:
n = 8, Mg?t and C&+ water clusters (open and solid circles, respec-
tively), n = 9, Mg?+t and C&" water clusters (open and solid squares,
respectively),n = 10, Mg and C&" waters cluster (open and solid
triangles, respectively).

both calcium and magnesium is about 2 cal/K mol. From the
thermodynamic formulation of transition state theory, the
relationship betweeA> and entropy change between the

reactant and transition stata §g) is:

A% _ kBTe(lJr(AS(:,t/R))

h

where kg is the Boltzmann constanfl is the tempera-
ture, h is the Plank constant, arid is the ideal gas con-
stant. TheA(AS) value of 2.0 cal/K mol corresponds to a
A(log A%®) = 0.43 between the two dehydration processes.
This difference is significantly smaller than the difference
of A* (A(log A*°) = 5) required to fit the zero-pressure
kinetic data to theAH values obtained from the HPMS
equilibrium data.

It should be noted thaa S measured by the HPMS equi-
librium experiment is the entropy difference between reac-
tant and final products, whereas tA& value measured in
a BIRD experiment is a function of entropy difference be-
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Fig. 6. Simulated low-pressure Arrhenius plots using master equation
modeling with A = 108s! and E, = 0.50eV (open circles), and
A =108s"1 and E, = 0.57 eV (open squares).

similar values of, for the hydrates with eight or nine water
molecules. However, the temperature scale obtained from
the thermometer ion method is compressed at the lower tem-
peratures to provide a higher value B for the hydrates
with 10 water moleculesFigs. 4 and } which produces
curvature in the Arrhenius data where there should be none
and an unusually wide range of transition state entropies
are required to model the data with this “thermometer ion
calibration” scale.

To confirm that there should be no curvature in the
Arrhenius plots at low temperatures, the dissociation of
Mg?t(H,0)10 was modeled using master equation modeling
at two sets of dissociation parameters: {4 = 103s1
andE, = 0.50eV, (2)A>® = 108s ! and E, = 0.57eV.

The resulting Arrhenius plots are both line&id. 6).

It should be noted that the values&H we report are ob-
tained from the derived values Bf and are the differences
between the reactant and transition states, assuming no re-
verse activation barrier. On the other hand, thid values
from HPMS are the differences between reactants and prod-
ucts. If a reverse activation barrier was presentAkk, ,_1
values we report would be too high. Just the opposite is in-
dicated using the temperature calibration derived from ther-
mocouple measurementBaple J).

If the temperature calibration using the thermometer ion

tween the reactant and transition state. The measured differdis correct, then the temperature of the thermocouple inside

ence in entropies fot = 8 versusn = 10 should be even
smaller in the BIRD experiment than in the HPMS equilib-
rium experiment.

3.5. Discrepancy in the temperature calibration methods
The origin of the difference in the ion cell temperature

calibration using the thermocouple versus thermometer ion
method at the lower temperatures is not entirely clear. The

the cell (T3) must be lower than that experienced by the
ions. However, any expected thermometer calibration error
such as heat conduction through the thermocouple wires
or non-equilibrated temperature reading can only make T3
reports a higher temperature than the true temperature in
the ion cell center, not lower. The heat conduction through
the thermocouple wires is not expected to be significant.
Otherwise, alAH values obtained from BIRD would deviate
from those obtained using HPMS.

thermometer ion method and thermocouple method provide This combination of factors leads us to believe that the
similar results at the higher temperatures, and thus providetemperature scale derived from the thermocouple measure-
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’ 1199.
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