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Physical Chemistry Chemical Physics

ABSTRACT: Low temperature reactions between laser-cooled Be*(?S;;;) ions and partially
deuterated water (HOD) molecules have been investigated using an ion trap and interpreted with
zero-point corrected quasi-classical trajectory calculations on a highly accurate global potential
energy surface for the ground electronic state. Both product channels have been observed for the
first time, and the branching to BeOD" + H is found to be 0.58 £+ 0.14. The experimental
observation is reproduced by both quasi-classical trajectory and statistical calculations. Theoretical
analyses reveal that the branching to the two product channels is largely due to the availability of

open states in each channel.
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1. Introduction

Together, isotope substitution and the measurement of the resulting product branching ratios
provide important details about reaction dynamics and are often used to identify reaction pathways
and understand bond-selective chemistry.!- Important examples include X + HOD (X = H, F, Cl,
O) reactions, where the branching ratios are experimentally controlled by selective excitation of
the O-H or O-D bond.*!? It is now understood that a highly-accurate potential energy surface
(PES) 1is crucial for performing theoretical calculations of the product branching ratio, where

subtle, difficult to identify, PES features have been found to significantly affect the results.!

A sophisticated understanding of radical-molecule reaction dynamics is continuing to develop
from extensive experimental and theoretical studies. However, despite their importance in
interstellar chemistry, where the isotopic branching ratios strongly influence the products of the
interstellar cloud chemical network,'* far less progress has been made in the study of ion-molecule
reactions at low temperature. This is largely due to the challenges associated with both the
experimental and theoretical approaches to these systems.!>2! Experimental difficulties include a
lack of quantum state preparation and readout techniques, while theoretical difficulties appear
when treating dynamics dominated by the long range interaction between ions and molecules.
Recently, several groups have employed cold (~mK) and fully-controlled laser-cooled trapped ions
to address these experimental issues. For instance, isotope selectivity was probed in the reaction
of laser-cooled Mg* with HD,?? and the formation rate of MgD* was found to be 5 times greater
than MgH™. This observation was ascribed to a dynamic mechanism in the exit channel of the
reaction since statistical methods predict only a factor of approximately 2.2* A similar experimental

technique was applied to Ca*+ HD reactions as well,?* where the CaD" channel was found to have

3



Physical Chemistry Chemical Physics

~1.5 times higher population than the CaH" channel; no detailed theoretical calculations have been
performed for this system. With the help of laser-cooled ions, the initial quantum states are
experimentally well controlled, but highly accurate PESs are still challenging to calculate with
Mg" or Ca* ions due to the complexity of their electronic structures. The development of a more
comprehensive understanding of ion-molecule reactions at low temperature will benefit from

studies with less complex species that are amenable to theoretical treatment.

In this publication, we report a combined experimental and theoretical study of the effect of
isotope substitution in an ion-polyatomic molecule reaction. A key objective is to understand the
role of dynamics in such a reaction. Previous work on Be™ + H,O showed that chemical dynamics
resulting from a submerged barrier strongly affect the reaction, leading to a reduction of the overall
reaction rate from the capture limit. The overestimation by the capture model was thus taken as a
sign that this reaction is not completely statistical, despite the existence of a deep BeH,O™" potential
well along the reaction path. In this work, we probe the dynamics by examining the product
branching ratio, which is presumably controlled by the exit channel barriers. Such a measurement
is much more sensitive to the determination of the overall rates. Interestingly, here we find that the
measured deuteration fraction of the ionic products is in good agreement with quasi-classical
trajectory (QCT) calculations on the ground state PES. Furthermore, the branching ratio can be
explained by a statistical model based on complete energy randomization in the long-lived

transition complex.

2. Experimental
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The apparatus employed here has been described in detail elsewhere.? Briefly, laser ablation of
metallic Be is used to produce Be™ ions, which are trapped in a linear radio frequency Paul trap.
Laser cooling?® is used to cool the translational motion of the ions, resulting in a Coulomb crystal
of Be' ions. A time-of-flight mass spectrometer (TOF-MS)?7-3? is integrated into the Paul trap to
analyze reaction products, allowing investigation of the isotope effect by mass spectrometry of the
trapped ionic products. The 313 nm laser for cooling Be™ ions allows manipulation of the Be*
electronic quantum states; by tuning the frequency of this cooling laser, the fraction of ions in the
%S|, and %P5, states can be precisely controlled. Promotion of the Be* to the 2Ps, state opens more

product pathways, as well as modifies existing product channels.?

HOD is made by mixing H,O and D,0.3!- 32 The gaseous room-temperature HOD/H,0/D,0
mixture is then introduced via a leak valve into the trapping region for reaction with the trapped
ions, the actual ratio of the mixture is measured from a Stanford Research Systems (SRS) residual
gas analyzer (RGA). The RGA’s fractionation of water was calibrated by introducing the water
vapor into the chamber and integrating all resulting m/z signals. A typical scan reveals water
fractionation products at m/z = 18, 17, and 16, which coincide with H,O", OH*, and O*. The

fractionation ratios of water are found by solving the system of equations:

Ph,0 =R1g+ R17 + Ry (2.1
Rig = aPy,o (2.2)
Ri7 = BPhyo (2.3)
R16 =VPu,0 (2.4)
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where R; is the pressure reading from the RGA and Py, is the true H,O pressure. These
fragmentation ratios were found to be a=0.768+ 0.006,=0.184+0.006 and
y =0.068 + 0.002. The direct readings from analog scans with deuterated samples were then

adjusted to account for the fractionation for each isotopologue.

1 B B

Ph,0 = (R1g + R0 + 5R19) (2.5)
R

Pho=o (2.6)
R

Pp,o=— (2.7)

where P; is the real adjusted partial pressures for each isotopologue.

Ionic products of the chemical reaction remain in the trap, and are subsequently detected via
TOF-MS. Product branching ratios are extracted from the mass spectrum. A typical TOF spectrum
(5 sample average) at reaction time t = 0 and 60 s with 2% relative Be" 2P, state excitation and a
full reaction curve are shown in Figure 1A and 1B, respectively. Since the translational energy of
the laser-cooled Be™ ions is less than 0.5 K, the energy of the room temperature water sets the
reaction kinetic energy of Be* + H,O/D,O/HOD in the center of mass frame to E.,;/kg ~ 100 K.
The initial internal state distribution of the molecules is assumed to be at 300 K. To maintain
consistent collision temperatures as well as mass spectra resolution, while predominantly probing

S-state reactions, weak laser cooling is used, which promotes =~ 2% of Be ions into the P-state.

3. Theoretical

Quasi-classical trajectory calculations

Page 6 of 24



Page 7 of 24

Physical Chemistry Chemical Physics

The QCT calculations were performed with VENUS?3 to study the reaction dynamics of the Be*
+ D,O/HOD reaction. The Be* + H,O reaction has been studied in our previous work using the
same method. The global PES for ground electronic state of this system was from our previous
work.? Although the ground state has a conical intersection with the first excited state in the
product channel,? the excellent agreement between theory and experiment suggests the adiabatic
approximation is valid. In this work, we use the single-state adiabatic approximation in our
dynamic calculations. The reaction path, including the energies of the stationary points for the Be*

+ HOD reaction, is shown in Figure 2.

The trajectories were initiated with a 41.0 A separation between reactants, and terminated when
products reached a separation of 8.0 A. The atomic coordinates and momenta of the reactant
D,0/HOD were sampled randomly using a Monte Carlo approach, based on a Boltzmann
distribution at 300 K with the ZPE of the molecule defined as the energy zero. The collision energy
is sampled from a Boltzmann distribution of 100 K. The largest impact parameter was chosen to
be bmax=39 A for proper inclusion of long-range interactions. The propagation time step was
chosen as 0.05 fs. The conservation of total energy was found to be better than 0.020 kcal/mol for
all the trajectories. The possible violation of the zero-point energy (ZPE) for both the reactant and
product molecules was corrected using the approach proposed by Paul and Hase.>* Only those
trajectories with the vibrational energies of HOD/D,0/BeOD*/BeOH" larger than the
corresponding ZPEs are accepted. Those with vibrational energies below the respective ZPE are
turned back to the interaction region by changing the sign of the atomistic momenta. A trajectory

is discarded if its propagation time reached 300 ps in each interval of two consecutive momentum
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reversing operations, or when the number of momentum reversing events exceeds 100. Only a few

such trajectories were found.

The thermal rate constant can be computed by:

12
k(T)=(8kBTj e (3.1)
T N

t

where N, and N, are the numbers of reactive and total trajectories, respectively. u is the reduced
mass between reactants Be* and D,O/HOD, kg is the Boltzmann constant, b, is the maximum
impact parameter, and 7 is the translational temperature in Kelvin. In our calculations, a total of

2 X 10* trajectories were run for each of the Be* + D,O and Be* + HOD reactions.

The scattering angle 6 is defined here as
V-V,

rr
0=cos”'| 1= |,
|ViHV.f"

(3.2)

| 1 |
where ., is the relative velocity vector of the reactants vy, — vy oand V, is the relative

vector v corresponding to the products. (For deuterated reactants and products,

the vectors are defined analogously.) The reactive differential cross section (DCS) can

be then calculated by

do, o,P(0)
dQ  2xsin@’

(3.3)
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where PJ6) is the probability for the scattering of the products at the angle 6, and o, is

integral cross section (ICS)

N
0, = by~ (3.4)
N

t
Statistical model

We adapt the phase-space theory (PST) of Light and Pechukas in determining the branching
ratio of products BeOD"/BeOH" as a function of the collision energy.?> 3¢ For the Be* + HOD

reaction, the conservation of total energy requires
Er=E: +E(v}, v, v3, j;) = EE+ E(v}, v, v v}, ji ), (3.2)

where the symbols v and j denote collectively the vibrational and rotational quantum numbers of
the reactant HOD and products BeOH*/BeOD", i and f'refer to the initial and final states, and 1, 2,
3 represent the three vibrational modes of the reactant and products. For the linear products
BeOH*/BeOD", there are four vibrational quantum numbers because the bending vibration is
doubly degenerate. E is the internal energy, E. is the collision energy. In the calculations, the

reactant HOD was assumed to be in various ro-vibrational states populated at 300 K.

For a given initial collision energy EZ in the reactant channel, the total energy Er can be

determined. Thus, the total number (V) of the energetically available products BeOH*/BeOD" ro-

vibrational states can be computed by
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N(ET)= Z Z Z n(v;aV‘zfav,fzavjf)jfalfa‘];ET)’ (33)

‘f/‘lf‘gg‘f/*[/‘ Iy v,lf *"% *".'/2"";"-7/

in which /rand J are the orbital and total rotational quantum numbers of the reaction system, and
J ranges from |js - /| to |js+ [|. The value of n(vlf,v;,v}z,v},jf,lf,l];ET)is 0 or 1 depending on
whether the channel is open or not. Specifically, it equals 1 when the internal energy of the product

state £ (vi,,vff,v;-z,v;, ]f) satisfies the following two conditions:
(1) it is below the total energy Er;

(2) the corresponding collision energy ch is larger than the centrifugal barrier with /- in the

minimum energy path (Vjgp) of product D + BeOH/H + BeOD™. The centrifugal barrier was
determined with respect to the asymptote of the product channel by

_I(I+1)
2u,R’

R

I/cent (R) + VMEP (R) s (34)

where R is the distance between atom D/H and center of mass of BeOH*/BeOD™, u4 is the reduced

J+j/+lf

mass. Otherwise, n(v},vi,v}z,v;, Jpsl;sJ3Ep) is zero. The parity ((=1) ) was also

constrained by the quanta (V; +v}2) of bending mode of the linear products BeOH" and BeOD".

Even/odd quanta of v; +V}2 can only be available in even/odd parities. For the product molecules,

the internal energy is computed using the harmonic oscillator and rigid rotor approximations.
Finally, the product channel fractions at the translational temperature of 100 K are obtained by
integrating the energy dependent branching ratio with a Boltzmann weight. To converge the

results, the initial collision energy is chosen from 0 to 0.91 kcal/mol to account for Boltzmann
10
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weights larger 0.01. For the highest collision energy, the maximum of / is 69 and 90 for the H +

BeOD" and D + BeOH™ channels, respectively.

To simulate the 300 K internal temperature in the reactant, the HOD ro-vibrational energies are
computed using the harmonic oscillator and rigid rotor approximations. For the asymmetric top
reactant HOD, the rigid rotor Hamiltonian matrix for a given total rotational quantum momentum

Jis (h=1),

Hy o= %[(20 — A=B)K"” +(A+B)J(J + ]S s

+%(B — DI + 1) =K' (K" + DT (T +1) = (K" + DK +2)5 05 (3.5)

+i(3 — ADJIT+D) =K' (K =D JJ (T +1) = (K = 1)K =2)8 -

where K is the projection of the J on the 7, axis, 4, B, and C are the rotational constants of HOD
calculated at its equilibrium structure (4=23.05 cm!, B=9.11 cm!, C=6.53 cm'!). The rotational
energy levels then can be obtained by diagonalizing the above Hamiltonian matrix. The ZPEs for
the reactant HOD and products BeOH* and BeOD" are 11.69, 8.94, and 7.16 kcal/mol,
respectively. At 300 K, the Boltzmann averaged ro-vibrational energy of reactant HOD is 12.28

kcal/mol, which is 0.59 kcal/mol higher than its ZPE.
4. Results and discussion

Because the HOD sample also contains both HO and D,0, the product BeOH" (m/z = 26) has
contributions of the reaction of the cation with H,O, while BeOD" (m/z = 27) has contributions

from reactions with D,O. The reactions of interest are:

11
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Be* (%S, ) + H,O — BeOH + H (4.1)

Be*(3S,, ) + HOD — BeOD* + H (4.2)
— BeOH"+ D

Be* (%S, ) + D,O — BeOD* + D (4.3)

Thus, the kinetics of the reagents and products are found from:

Bet(t)' = — (kip1 + kopo + ksp3)Be™ (t) (4.4)
BeOH * (t)' = (kip1 + (1 —mkzpz )Be™ (t) (4.5)
BeOD * (t)' = (k3ps + nkapz )Be™ (1) (4.6)

where k; and p; are the rate coefficient and density for Be" reacting H,O, HOD, and D,0O
respectively. The branching ratio 1 = kgeop+/(kpeop+ + kpeon+) 1s the fraction of BeOD*
produced from reactions (4.2) where k; is the rate coefficient of species ;.

Solutions to the rate equations (4.4-4.6) are parameterized by the density measurements of the
water isotopologues taken from a RGA, and a least-squares fit is taken over data sets of integrated
TOF mass spectra with shared fitting parameters k4, k3,k3, and 7.

In order to extract the pure Be(®S;/,) and Be*(?P3,)-state branching ratios, the process shown
in Figure 1 (A) — (C) was repeated at different P-state fractions. The results are shown in Figure 1
(D) along with a least-squares linear-fit (blue line). The vertical intercept of this fit gives n;

= 0.56 + 0.03 for the ground Be*(®S;,) state reaction, while no conclusive dependence on P-state
fractions is found within the confidence intervals.

To further verify that our measurement is independent of reagent ratios, we repeated the

measurement for different mixtures of HOD, H,0, and D,0, as shown in Figure 3. The branching

12
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ratio of BeOD™ + H in reaction Be* + HOD (with 2% Be*(*P3,) state population) is consistent over
different hydrogen fractions in the gas. The fraction of hydrogen atoms in the chamber (§) from all

water isotolopogues is defined by:

2pH,0 + PHOD
5= 2pn,0 + 2pHop + 2pp,0

(4.7)

k
Weighted averaging of the fitted values over different mixtures then gives n = 0.58 + 0.14, kf

k
=0.8+0.9, kf= 0.8 £+ 0.9. Despite the large error bars on the relative rate coefficients, due to

the significant covariance of the rate coefficients, n is reasonably well determined. To further
check our measurement of 7, the process was repeated for shared fits with identical rate
coefficients (k1 = k, = k3) yielding n = 0.57 + 0.07.

The calculated overall rate coefficients of the Be* + D,O and Be" + HOD reactions are
(2.29 + 0.05) x 10 =2 cm® molecule “*s ! and (2.29 + 0.05) x 10 ~? cm® molecule ~*s 1,
respectively, which are slightly larger than that ((2.02 + 0.04) X 10 ~° cm® molecule "1 s =1 )2
of the Be™ + H,O reaction. The calculated k»/k; and k3/k; ratios are 1.1330.04 and 1.13 +0.04,
which are consistent with experimental values of 0.8 + 0.9 and 0.8 + 0.9, respectively. The
identical ky/k; and ks/k; ratios suggests the negligible isotopic effect in the thermal reaction

probabilities of the Be* + D,0O and Be™ + HOD reactions.

The branching ratio was determined using the QCT method for the Be* + HOD reaction.

Specifically, the calculated branching fraction of Be* + HOD (1) is 0.61 +0.02, which is in good

agreement with experimental value 0.58 0.14.

13
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The branching ratio of the two products (BeOD* and BeOH™) can be understood in terms of the
PST model, which assumes complete energy randomization in the deep intermediate (BeHOD™)
well. In Figure 4, the branching fraction for the BeOD* + H channel is plotted as a function of the
collision energy, which shows very weak temperature dependence. At the specific collisional
temperature 100 K, the fraction obtained by integrating the energy dependent branching ratio with

a Boltzmann weight is 0.67, which is in reasonable agreement with the QCT results.

To shed more light onto the preference of the H + BeOD™ channel in the Be™ + HOD reaction,
we provide a further analysis of the two important factors in determining the branching ratio. In
PST, the reactivity in a particular product channel is controlled by the availability of open states,
which is in turn dictated by the rovibrational states of the corresponding product molecule above
the exit barrier formed by the centrifugal potential. Due to the heavier deuterium, it is readily
understood that there are more rovibrational states for BeOD" than BeOH'. However, the
availability of open channels is also constrained by the orbital angular momentum (/), which erects
a centrifugal barrier in both the reactant and product channels. The /-dependent centrifugal barrier
is also isotope dependent, due to the difference in the reduced mass between the two products. The
centrifugal barrier rises faster in the BeOD" + H channel than the BeOH" + D channel, due to the
larger reduced mass of the latter. This is consistent with the fact that the branching fraction (n) of
BeOD* + H channel becomes larger when the centrifugal barrier was not considered (shown in
Fig. 4). These two factors have opposing effects on the branching ratio, but the higher density of
states in the BeOD™ molecule dominates, at least at low energies. As a result, the H + BeOD™"
product channel is strongly favored. The good agreement of the statistical model with both the

experimental and QCT results in branching ratio suggests that the reaction is largely statistical.

14
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In addition, the DCSs of the Be™ + H,O/HOD/D,O reactions calculated by the QCT method are
shown in Figure 5. It can be seen from the figure that the DCSs of all three reactions are roughly
forward-backward symmetric, due to the long-lived intermediates formed in the reactions. The
forward-backward symmetry in DCSs suggests the statistical nature of the reaction, which further

validates the suitability of the PST model discussed above.

5. Conclusions

To summarize, chemical reactions between Be*(*S;;) and HOD have been investigated using
an integrated ion trap and high-resolution TOF-MS and ZPE corrected QCT calculations on an
accurate global PES. Two product channels have been observed and the branching to BeOD" + H
is accurately determined to be 0.58 + 0.14. The experimental result is in good agreement with ZPE
corrected QCT calculation result (0.61 + 0.02) as well as close to the statistical PST model (~0.67),
which reveals that the branching to the two product channels is largely due to the availability of
different open states in each channel. Since their rate coefficient deviate from the capture limit as
reported in our earlier work, it is clear that the Be*(?S;,;) + H,O/D,O/HOD reactions has a non-
negligible non-statistical component. Interestingly, however, the good prediction of the branching
ratio by the statistical model discussed above suggests that the formation of the products is largely
statistically. This conclusion is further supported by the forward-backward symmetry of the

calculated differential cross sections.
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Figure 1. (A) A typical TOF signal (5 sample average) at reaction time t = 0 s and 60 s with Pp
~ 2% . (B) The temporal evolution of Be*, BeOH" and BeOD™ in the trap as a function of reaction
time as well as the solutions of differential equations fitted to the kinetics data with Pp = 2%. (C)
The RGA signal (8 traces average) gives relative initial H,O, HOD, D,0 sample ratio, which is pq
:p2:p3=(1.00 + 0.02):(2.45 £+ 0.05):(1.58 + 0.02) (D) The product fraction for BeOD*
production () of reaction (4.2) as a function of Be*(?P5),) state population. The S-state branching
ratio is found to be ng = 0.56 + 0.03, in agreement with the following calculated combined value

with different initial H fractions.
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Figure 2. Schematic energetics (in kcal/mol) for the Be" + HOD — BeOH* + D/BeOD* + H
reaction path on its ground electronic state. The energetics and geometry of the stationary points

are also given. Dashed lines include the ZPEs (italic numbers) for indicated species.
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Figure 3. (Left) Averaged (8 traces) RGA analog scan showing peaks at each isotopologue m/z.

Points around the peak of each isotopologue were averaged for a more accurate partial pressure.

(Right) The branching ratio n of the reaction Be* + HOD into BeOD"™ + H (with a Be" P-state

fraction of ~2%) as a function ofinitial H fraction in an HOD, H,O, D,0 mixture. Shared fitting

the branching ratio n with a constant value fit is shown with a weighted average ofn = 0.58 + 0.14
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Figure 4. PST branching fraction (1) of the BeOD* + H product channel as a function of the

initial collision energy.
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Figure 5. Total DCSs of the Be* + H;O/HOD/D,O reactions. Error bars denote the statistical

errors in QCT calculations.
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