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Infrared Spectroscopy of Prereactive Aluminum—, Gallium—, and Indium—HCN Entrance
Channel Complexes Solvated in Helium Nanodroplefs
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Prereactive metal atorrHCN entrance channel complexesHWMICN (M = Al, Ga, In)] have been stabilized

in helium nanodroplets. Rotationally resolved infrared spectra are reported for the CH stretching vibration of
the linear nitrogen-bound HCNGa and HCN-In complexes that show significant perturbation due to-spin

orbit coupling of the’IT;,; ground state with thé,, state which are degenerate at long range. Six unresolved
bands are also observed and assigned to the linear hydrogen-bound isomerdH&MIGa-HCN, and
In—HCN corresponding to the fundamental CH stretching vibration and a combination band involving the
CH stretch plus intermolecular stretch for each isomer. A nitrogen-bound-HRomplex is not observed,

which is attributed to reaction, even at 0.37 K. This conclusion is supported by the observation of a weakly
bound complex containing two HCN'’s and one Al atom which, from the analysis of its rotationally resolved
zero-field and Stark spectra is assigned to a weakly bound complex of a HCNAI reaction product and a
second HCN molecule. Theoretical calculations are presented to elucidate the reaction mechanisms and
energetics of these metal atom reactions with HCN.

Introduction photochemistry is how the initial bright state couples to the
) . . reaction coordinate. For cluster systems the competition between
The torques experienced by reactive species due to long-rang&,redissociation and reaction is particularly relevant. Recent

forces, albeit weak, have recently been found to have a eqretical time-dependent wavepacket studies GPEHACI
considerable influence on reaction dynanficsNear threshold gy that vibrational excitation of HCI to its first overtone

reactions and reactions occurring at ultracold temperatures have g its in nearly equal probabilities of reaction and dissociation.

been found to be particulary sensitive to these effects. Indeed, Stabilizing weakly bound prereactive complexes is challeng-

u(englectlr;g th? weak va;_r: (tJ_Ier|WaaIs mt_e:actlo?fhmbtheKh:_I ing experimentally. Although free jet expansions have been
reaction gives a quailtatively wrong picture ot the branching succesfully applied to certain systems, the relatively warm

ratio at low temperaturéemphasizing the need to characterize conditions early in the expansion are disadvantageous. In recent

these regions (_)f the p_otentlal energy surface. years helium nanodroplets have emerged as a nearly ideal matrix
Spectroscopic studies of weakly bound complexes have g sy,dy weakly interacting complex&sincluding open-shell
allowed the interrogation of intermolecular potential energy antrance channel complex&sSequential pickup and indepen-
surfaces at an unprecidented level of detdihough most of  gent cooling to the droplet temperature of 0.37 K ensures that
these studies have concentrated on complexes containingpe reactants come together with minimal excess energy, thus
unreactive, closed-shell, atoms and molecules, some progressyoying prereactive complexes to be stabilized behind even
has also been made in the stabilization of open-shell, prereactivega11 barriers. In this study we apply helium nanodroplets to

12 L . . .
van der Waals clustefsi? For cluster systems where the e giapilization and study of highly reactive metal atefCN
associated barriers to reaction are low, it may be possible to complexes.

initiate the corresponding reaction using electronic or vibrational
excitation. Experiments of this type are particularly interesting,
given the fact that impact parameter averaging can be largely

eliminated, which is the major hurdle in comparing theoretical elementary reactions that are important to chemisorption and

fﬁécglittlggsf;nd tr)gsuil\tlz;rqgtriigbvehsgggf”n?é lgvzgg:rgg' t';ecatalysis. These metal atoms are so reactive that aluminum is
y . 9 J 9 9y i used in solid rocket propellant, where it can react exothermically
reaction barrier, the product branching ratios and final state

distributions should be most sensitive to the details of the with the products of combustion of other fuels, including HC,

otential energy surface. An important question in induced Hz O, CO, and CQ Currently there is very little known about
P ay : P q the elementary reactions or even thermochemistry of many of

the involved species.

The reactions of aluminum and gallium atoms have also
drawn considerable experimerfall® and theoreticaf—24 at-
tention in their own right with regard to understanding their
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copy. Secondary broad-band UV photolysis was found to droplet beam passed directly over the opening of the crucible,
increase the population of MCN at the expense of MNC for M which has an area of 1 énand is enclosed in a water-cooled

= Ga, In, and TI. The authors reasoned this behavior by copper box with holes to allow the helium droplet beam to enter
assuming that MNC was initially favored in the deposition, due and exit. HCN molecules are picked up downstream using a
to its lower energy, and that UV photolysis equilibrates the two differentially pumped scattering chamber maintained at a
isomers given that the photon has sufficient energy to overcomepressure to optimize for the pickup of just one HCN molecule.
the barrier to interconversion. Electronic structure calculations To optimize the experimental conditions for a metal atom

(at the DFT-BP86/6-311G(d)-LANL2DZ level) were used to HCN complex, the oven temperature was increased until the
support their findings. In the A+ HCN reaction, MCN and laser induced signal from HCN monomer was slightly reduced,
MNC grew upon photolysis, suggesting photolytic decomposi- signifying that some of the droplets have been doped with the

tion of a intermediate reaction product [MHCN]: metal atoms.
At the temperature of the oven, significant population of the
M + HCN — [MHCN] upper spin-orbit component of Al and Ga is expected. In a
[MHCN] + hv — MNC/MCN + H recent study of Al atoms solvated in helium droplets no evidence

for Al(?Ps;) was observed which is consistent with the fast
(nanosecond or subnanosecond) relaxation among the spin orbit
states of alkali atoms solvated in bulk liquid helidGiven

however such species were not assigned in the aluminum work.that.the flight time between the metal oven and HCN plc_k-up
cellis on the order of 10@s, we expect that the full population

In this work cyclic products will be distinguished by parentheses, . . e .

and the atom not included in the parentheses is bonded to the'® COOqu Into the IoweQ = 2 Iev.els.before complexa’uon..
hydrogen atom. Despite the prediction of stable complexes thatDue to d_|ffe_rent|al pumping and shielding of the oven, reaction
exhibit NH or CH bonds, no experimental evidence for their of H,CN _|n3|de the. ovenis also expected to be negligible. .
formation was found, illustrating that the barriers to isomer-  Vibrational excitation of the embedded chromophore is
ization to the lower energy products can be surmounted. Given Performed with an F-center laser (Burleigh FCL-20) operating

the proven ability of helium droplets to stabilize nonequilibrium ©n crystal #3 (RbCLLi), which is pumped by a krypton ion laser.
structures, the study of reactive systems is of great interestPetails on the tur;gng behavior and frequency calibration are
because the associated reaction dynamics could be significantlydven elsewheré& - The droplet beam is aligned such that it

altered. Ultimately, the reaction might be quenched behind evenMPinges upon a liquid helium cooled bolometer that is used to
small barriers allowing the study of exotic species such as HC- Measure the on-axis droplet beam flux. Vibrational excitation

(NM) and HN(CM), which would improve our understanding and subsequent relaxation of the chromophore results in the
of metak-ligand bo'nding. evaporation of about 600 helium atoms for a 3000~tm

photon34 By mechanically chopping the laser beam, the
Experimental Section corresponding change in the droplet beam flux, due to vibra-
) ) tional excitation, is monitored with a lock-in amplifier. To

The experimental apparatus used in the current study has beefcrease the laserdroplet beam interaction length, a parallel
described in detail previousff.Helium droplets are formed by myitipass cell was used resulting in approximately 30 orthogonal
expanding ultrahigh-purity helium gas through a8 pinhole  |5ser crossings. The multipass cell is also equipped with two
nozzle that is cooled to 2314 K by a closed-cycle helium  haqjie| electrodes so that Stark and pendular spectroscopy can
refrigerator. The backing pressure of the nozzle was 50 bar, he performeds3 The laser polarization was oriented parallel
resulting in the formation of droplets with a mean size of 3800 \jth the electric field vector resulting iAM = 0 selection rules.

10000 helium atom3’ Because the droplet size ultimately limits  procedures for the calibration of the electric field are described
the available coolant to the reaction, larger droplets will be ojsewherd?

needed to stabilize more highly exothermic reaction products.
The expansion is skimmed by a 0.4 mm d_iameter skimmer ab_OUtNonreIativistic ab Initio Calculations
1 cm downstream from the nozzle, which is necessary to provide
the differential pumping needed to prevent contamination of  To survey the potential energy surfaces (PES) of Ga and Al
the droplets by background gas, and to form a beam. + HCN, we have computed the energies of the stationary points
Pick-up cross-sections of the droplets have been determinedemploying the composite CBS#and G2° methods and also
to be 50-90% of the geometric collision cross-sect®n, at the UCCSD(T)/6-31t+G(d,p) level using Gaussian 03.
requiring low background pressures to prevent contamination. Table 1 summarizes the results of these calculations, which
As a result, only very low vapor pressures are needed toinclude a zero-point energy correction based on harmonic
intensionally dope the droplets, which is an important consid- frequency calculations performed at the same level. The
eration for nonvolatile species. Pulsed laser ablation methodsvibrational frequencies were also used to confirm the nature of
are routinely used for seeding metal atoms and their clustersthe stationary point; potential minima were found to have all
into pulsed free jet expansions, and recently this technique hasreal frequencies, and transition states had exactly one imaginary
been demonstrated for helium droplet doping as #elhe low frequency. A graphical representation of the HGNGa PES
duty-cycle that would result from our continuous-wave lasers, calculated at the G2 level is shown in Figure 1. HC(GaN) and
however, required a conventional thermal heating source. In thisHCNGa could not be stabilized in the G2 calculations, so we
work a resistively heated alumina crucible was used to generatescaled the CBS-Q energy to match the G2 results for HGaCN.
sufficient vapor pressure of the metals for pickup. An oven Optimized geometrical parameters for the reaction products and
temperature of approximately 1400 K was needed to dope thetransition states of the Ga HCN surface are shown in Figures
droplets with a single aluminum atom, corresponding to a vapor 2 and 3, respectively, calculated at the UMP2(full)/6-31G(d,p),
pressure of 1% to 104 Torr. Somewhat lower temperatures RMP2/aug-cc-pVDZ, and UCCSD(T)/6-3+#-G(d,p) levels.
were required for Ga and In due to their higher vapor pressures. Inthe Ga+ HCN reaction, HGaCN is found by all methods
The effusive metal atom source was positioned such that theto be the global minimum, being bound by12.95 kcal mot?

Indeed, from their work on B+ HCN32> Andrews et al.
identified the HBCN, HBNC, and HB(CN) reaction products;
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TABLE 1: Ab Initio Energies for the Stationary Points on
the Ga (Al) + HCN Potential Energy Surface®

UCCSD(T)/
species CBS-Q G2 6-311++G(d,p)
HCN + Ga (Al) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
GaH (AIH)+ CN 57.53 (53.71) 59.12 (54.52) 59.07 (53.77)
H+ GaCN (AICN)  15.42(10.11) 18.54 (10.57) 20.11 (10.05)
H+ GaNC (AINC)  14.85 (3.50) 29.46 (5.04) 22.86 (5.71)
HCN-Ga (HCN-Al) —5.58 (-4.39) —4.10(-4.23) —2.88(-3.95)
Ga-HCN (A-HCN) —4.38(-2.51) —2.27(227) —1.85(2.77)

HGaCN (HAICN) ~ —15.64 (-30.39) —12.95 (-29.61) —8.42 (—27.35)

HGaNC (HAINC) ~ —11.32(-33.24) 2.00¢30.75) —0.91 (-27.53)
HC(GaN) (HC(AIN)) —13.04 (-20.88) —9(~18.43)  —d(—14.96)
HCNGa (HCNAl) ~ —10.94 (-22.28) —9(—19.54) 2.45(—15.91)
Ts1 —6.80 (-11.58) —1.61(-9.75) —b(—3.31)
TS2 —b (=b) 21.43(1051)  —d(-b)

TS3 —5.16 (1) —212(-4.16) —b(—0.77)

aEnergies are given in kcal mdland include a zero-point energy
correction based on a harmonic frequency calculatidto conver-
gence* T1 diagnostic equals 0.040.9 Excessive core-valence mixing.
¢One imaginary frequency.
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Figure 1. Interaction potential for Ga- HCN calculated at the G2
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In addition to the chemically bound species described above,
our calculations predict two linear van der Waals complexes,
representing the entrance channel complexes to the associated
reactions. Vibrational excitation of the HGNGa entrance
channel complexes (denoted by the vertical arrow in Figure 1,
which is drawn to scale for the CH stretch excitation) might be
used to initiate the corresponding reactions. Interestingly, the
barrier to form the global minimum product cannot be sur-
mounted with a vibrational photon, suggesting mode selective
chemistry could be used to form the less energetically favored
products.

HCN + Ga Two-Dimensional Potential Energy Surfaces

Given the cold conditions characteristic of the droplets, long-
range forces are important in governing complexation. To fully
understand the long-range interaction potentials for Al, Ga, and
In + HCN in their ground states, three adiabatic potential energy
surfaces are needed. Due to the fact that the lone unpaired
electron of the metal atom residesa i p orbital, upon
complexation, the 3-fold degeneracy of the atomic states will
be broken, resulting in two states of And one state of ‘Ain
Cs symmetry. For linear geometries, two of these states, one of
A’ and one of A symmetry, are degenerate, forming the two
components of d1 state. The second state of 8ymmetry
correlates with & state.

To quantify the potentials for HCN- Ga, we have calculated
two-dimensional PES'’s for the three spin-free adiabatic poten-
tials (1A’, 1A', 2A") at the RCCSD(T)/aug-cc-pVD#{ 332
level using MOLPRO'2 which are shown in Figure 4. The
calculations employed Jacobi coordinates, where the véttor
points from the nuclear center of mass of HCN to gallium,
characterized by lengtR, and 8 is the angle betweeR and
the HCN symmetry axis® = 0° corresponds to the nitrogen-
bound HCN-Ga geometry. Interaction energies were calculated

level. In addition to two weakly bound van der Waals complexes, four on a grid in whichR and6 were incremented in steps of 0.1 A

reaction products are calculated to be stable. The transition statesand 10, respectively, and a spline interpolation was used to
connecting the entrance channel to the reaction products are also showy .\ qth the surface. HCN was constrained to be linear. with

for three of the products, and two of these might be surmounted with
an infrared photon, tuned to the CH stretch of HCN, as illustrated by

bond lengthgcy = 1.1532 A and ey = 1.0655 A, which were

the arrow in the figure. G2 calculations for the products labeled with @ISO held fixed. A set of uncontracted midbond functions, with

an asterisk did not converge, so the energy in the figure comes from Sp exponents 0.9, 0.3, and 0.1 and d exponents 0.6 and 0.2
the CBS-Q results, which have been scaled to the G2 results for (denoted a$332}), are added to the aug-cc-pVDZ basis set at

HGaCN.

the midpoint between the metal atom and the HCN nuclear

at the G2 level. Interestingly, our calculations predict HAINC center of mass. The 1S electrons on carbon and nitrogen, along
is more stable than HAICN in contrast to gallium. A single with the 1S, 2S, 2P, 3S, and 3P electrons on gallium were left

transition state connecting HGaCN to the HENa entrance

uncorrelated in the CCSD(T) calculations. Counterpoise cor-

channel complex (TS2) was found at an energy of 21.43 kcal rection was performed using the method of Boys and Berftardi
mol~1 at the G2 level, indicating that HMCN can be formed by where the lowest RCCSD(T) energy of the free gallium atom
the insertion of the metal atom into the CH bond of HCN in a was subtracted from both'Adimer energies preserving the
single step. The reaction to form HMNC, however, most likely double degeneracy of thl state for both linear geometries.
occurs in two steps, where the metal atom first reacts on the For linear HCN-Ga (¢ = 0°) the 1A’ and 1A states correlate
nitrogen end of HCN followed by a migration of the hydrogen with a doubly degeneratdI ground state and the 2/Atate

atom. Given the rather high energy of-H MNC, it is likely

corresponds to an excited repulsR&state, whereas for linear

that the barrier to this reaction would be similar to TS2. Two Ga—HCN (6 = 180°), the 1A’ and 2A states correlate with an
products resulting from metal atom attack on the nitrogen end excited repulsivéll state and 1Ais the2> ground state. This

of HCN are found in our calculations, namely HCNM and HC- state correlation is opposite to that observed for HE*445
(MN), which could be intermediates to HMNC formation. The due to the pvs P electronic configurations of the metal atoms
T1 diagnostic found in the UCCSD(T) calculations for HCNGa compared to halogen atoms. The ground electronic symmetries
is 0.04, suggesting that the ground-state wavefunction hasare dictated mostly by the electrostatic dipetpiadrupole
multireference charactét,and thus the predicted energy should interaction. Two linear isomers are predicted from the 2D
be treated with caution. The gallium and aluminum analogs of surfaces, with calculated binding energiBg)(of 1380 and 970
HB(CN) could not be converged in our calculations. Table 2 cm™! for HCN—Ga and GaHCN, respectively, in qualitative
summarizes the harmonic vibrational frequencies of the reactionagreement with the CBS-Q, G2, and UCCSD(T)/6-3%1G-

products calculated at the UCCSD(T)/6-31tG(d,p) and
RMP2/aug-cc-pVDZ levels.

(d,p) results given in Table 1. The transition state for isomer-
ization between the two isomers is foundét= 109, R =
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Figure 2. Optimized geometrical parameters for the four reaction products of G,CN, calculated at the UMP2(full)/6-31G(d), (RMP2/aug-

cc-pVDZ), and [UCCSD(T)/6-311+G(d,p)] levels.
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Figure 3. Optimized geometrical parameters for the three transition states connecting the entrance channel complexes to the reaction products for
Ga+ HCN, and HCN itself, calculated at the UMP2(full)/6-31G(d), (RMP2/aug-cc-pVDZ), and [UCCSD(T)/¢-8GLd,p)] levels.

4.01 A at an energy of610 cnt. Fully relaxed geometry  similar to that found in the PES’s of XHX (X = F, Cl, Br)
optimizations at the RCCSD(T)/aug-cc-pVTZ level were per- complexes®4° This T-shaped minimum may be an important
formed for the M-HCN and HCN-M (M = Al, Ga, In) precursor to the formation of the HC(GaN) reaction product at
complexes, and the resulting molecular parameters are givenultracold temperatures due to the similarity in geometry. The
in Table 3. A detailed comparison of these calculations with carbor-gallium distance of the T-shaped complex is found to
our experimental results will be presented in the next section. be ~3.0 A, compared te-2.0 A in the HC(GaN) product. We

In addition to the two linear minima on the 18urface, a third have not been able to stabilize this weakly bound T-shaped
minimum is observed corresponding to a T-shaped isomer, isomer in subsequent geometry optimizations however.
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TABLE 2: Harmonic Vibrational Frequencies (in cm ~1) for the Gallium and Aluminum Reaction Products with HCN at the
UCCSD(T)/6-31H+G(d,p) and RMP2/aug-cc-pVDZ Levels, Labeled CC and MP2 Respectively

HGaCN HAICN HGaNC HAINC HCNGa HCNAI HC(GaN) HC(AIN)
CC  MP2 cc MP2 cc MP2 cC MP2 cCC MP2 cc MP2 CC  MP2 cc MP2

v 2049 (17) 2381 2047 (20) 2079 2037 (247) 2069 2917 2876 (177) 2900 2911 (215) 3029 (24) 3035 3054 (12)
Vs 1924 (208) 1929 1927 (198) 1813 1903 (160) 1907 1943 1804 (344) 1840 2052 (81) 2049 (40) 1753 1692 (9)
Vs 580(97) 607 604(190) 572 586(76) 620 969 916(131) 988 959 (228) 1131(84) 978 1130 (47)
Vs 430(82) 525 510(74) 519 464 (106) 584 459 474(206) 562 532 (180) 596 (57) 620 631 (36)
Vs 205 (5) 207 206 (6) 152 141(2) 162 141 133 (0) 166 181 (11) 399 (102) 470 456 (150)
Ve 194 (4) 191 195 (4) 141 117 (2) 148 115 113 (0) 156 157 (10) 204 (43) 264 307 (49)

a2Values in parentheses are the calculated transition intensities in krt.mol

TABLE 3: Summary of Molecular Properties for the
HCN—M and M —HCN Complexes (M= Al, Ga, In)
Calculated at the RCCSD(T)/aug-cc-pVTZ Levet

HCN—Ga HCN-In

(ECP) (ECP)

RCCSD(T) HCN—-Al  HCN-Ga (Ga—HCN (In—HCN
aug-cc-pVTZ (AI—=HCN) (Ga—HCN) (ECP)) (ECP))
R(A) 2.565 3.302 3.330 3.567
(4.938) (4.882) (4.904) (5.092)

ren (A) 1.067 1.067 1.068 1.068
(1.073) (1.073) (1.073) (1.073)

ren (A) 1.182 1.152 1.152 1.152
(1.161) (1.154) (1.154) (1.154)

Be (cm™?) 0.167 0.075 0.074 0.058
(0.049) (0.035) (0.035) (0.029)

ver(cmMY) b —2.47 —2.42 —2.09
(—93.83)  (-95.39) £91.30)  (88.80)

u (D) - 4.50 4.39 4.40
(3.79) 3.77) (3.81) (3.87)

naws (€M) — 75.74 78.33 76.79
(69.14) (54.58) (52.87) (46.51)

aThe calculations labeled “(ECP)” employed a small core relativistic
pseudopotential (aug-cc-pVTZ-PPon the metal atomvyqy, is the
energy of the intermolecular stretching mode, obtained from harmonic
frequency calculationsshir is the predicted frequency shift of the CH
stretching vibration of HCN upon complexation, calculated by subtract-
ing the frequency calculations for the met&llCN complex from a
separate fully optimized calculation on the HCN mononiéne
imaginary frequencys Finite field approximatiort®

0 4 60 B 100 120 140

Theta (deg)

160 180 0 20 40 60 B0 100 120 140 160 180

r——

o

24|
M 4 0 N 10 120 40 160 130
Figure 4. 2D potential energy surfaces for the 'LALA', and 2A
symmetries of HCN-Ga calculated at the RCCSD(T)/aug-cc-pVBZ
{332 level. Basis set superposition error has been removed using
counterpoise correction.

1-D Relativistic Adiabatic Calculations

Spin—orbit coupling (SOC) can reshape potential energy
surfaces?%0 and to make detailed comparisons with our
experiment, we must incorporate it into our calculations. For

the linear geometries (1D slices) of our 2D initio potentials
we take note of the operator form of the sporbit Hamiltonian:

H*®=A(L-S)
to -t
:A(LZSZJrL S +L s)
2
The spin-orbit coupling constantA, is 74.7, 551, and 1475
cmt for Al, Ga, and In, respectivel% Note thatA is positive
illustrating that the?Py, state lies below théPs, state in the
free atoms, where the reverse is true for halogen atoms.
One-dimensional relativistic adiabatic potential energy sur-

faces for HCN+ M are found by diagonalizing theRf{
dependent) matrix:

22 (2—1/2A) 0
(2—1/2A) 2H _ A/2 O
0 0 1+ A2

assuming that SOC is independent of geometry. The eigenvalues
of this matrix are the energies of tFB,, 2I11/,, and?I 13, states.
Diagonalized 1-D relativistic and nonrelativistic adiabatic
potentials for HCN+ Ga calculated at the RCCSD(T)/aug-cc-
pVTZ+{332 are shown in Figure 5. The legend for tf®,
and?I1,, states corresponds to the basis function with the largest
mixing coefficient. Interestingly, the electronic character for the
mixed states of the hydrogen-bound isomer invert as the distance
is decreased. The lowest energy potential at long range is mostly
2[1 — A/2 like, but in the region of the minimum, it & like.

In the R — oo limit, the 21, and 2I13, states converge and
their separation from th&1,,, becomes (3/8, as in the free
atom. Bound states supported by the potentials were calculated
numerically using the program Levéhlnd the binding energies,
rotational constants, and van der Waals stretching frequencies
are summarized in Tables 4 and 5. The van der waals
(intermolecular) stretching frequency is defined as the energy
difference between the ground and first excited bound states of
our 1D potentials. To estimate the effects of vibrational
excitation of the CH stretch of HCN on the potentials,
computations were also performed witky = 1.09 A, which

is close to the vibrationally averaged bond length fordhke 1

state. In general, the excitation of HCN results in a slight
increase in the binding energy of the complex which we attribute
to an increased dipotequadrupole interaction due to the
increased dipole moment of HCN in the excited state.

As noted above, SOC can strongly influence the potentials,
and indeed the dissociation energies of the gallium and indium
complexes are significantly lowered due to the large SOC and
the asymptotic degeneracy of th2and?I1 states. The positions
of the minima, which are reflected by tivalues, are not as
strongly affected due to the large energy separation of3he
and?II states in the region of the minimum. Also, the spin
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TABLE 4: Summary of the Molecular Parameters Derived from the Bound States of One-Dimensional Potential Energy
Surfaces for HCN—Ga and HCN—In?2

HCN—%Ga HCN-In®
constant (cm?)
v=0 (l) = 1) I1 2H1/2 I 2H1/2
Do 1403.84 (1409.11) 1147.46 (1152.60) 1378.87 (1383.68) 800.98 (805.71)
Bo 0.0813 (0.0813) 0.0808 (0.0808) 0.0629 (0.0629) 0.0608 (0.0609)
Vvaws 76.71 (76.95) 75.08 (75.27) 77.28 (77.52) 66.61 (67.00)
A 551 1475

a Ais the atomic spirrorbit coupling constant used in the calculations angs is the van der Waals stretching frequency, defined as the energy
separation between the two lowest calculated bound states. For thel™ calculations rey was fixed at 1.09 A (compared to 1.0655 A for=
0) to estimate the effects of vibrational excitation of the HCN. No bound states were found @ ifseirfaces of the nitrogen-bound geometries.
Bound states of the HCNM complexes correlating witf1s, are the same as those given fbr. Due to convergence problems, potential surfaces
for HCN—AI could not be constructed.This calculation was performed with the aug-cc-pVT2RB32 basis sef?

TABLE 5: Summary of the Molecular Parameters Derived from the Bound States of One-Dimensional Potential Energy
Surfaces for the Hydrogen-Bound M—HCN Complexe$

Al—HCN 69Ga—HCN IN—HCNP
constant (cm?)
v=0@=1) > 2 3 DI Ty 3 DI Ty
Do 767.72 (811.73) 695.83 (739.69) 790.61 401.27 (439.16) 97.97 800.52 223.12 (244.25) 330.79
Bo 0.04973 (0.05023) 0.04972 (0.05022) 0.03549 0.03496 (0.03540) 0.02822 0.02927 0.02781 (0.02815) 0.02698
Vvdws 59.30 (61.21) 59.19 (61.11) 46.81 43.13 (44.22) 17.40 45.57 30.52 (31.72) 27.00

2 1vaws IS the van der Waals stretching frequency, defined as the energy separation between the two lowest calculated bound states= For the “
1” calculations ey was fixed at 1.09 A (compared to 1.0655 A for= 0) to estimate the effects of vibrational excitation of the HCN. No bound
states were located on the-AHCN 21y, surface” This calculation was performed with the aug-cc-pVT2RB32 basis set’
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Figure 5. Relativistic and nonrelativistic adiabatic potential energy Figure 6. Pendular survey scan indicating the presence of gallium
curves for the HCN-Ga complex calculated at the RCCSD(T)/aug- related complexes (marked with an asterisk). The peak marked with a
cc-pVTZ+{332 level. T optimized for the pickup of a gallium atom, however, also increased
when air was introduced into the pick-up cell and so it is related to an
impurity. We assign the peak at 3301 chto the nitrogen-bound
HCN—Ga complex. Numbered tic marks above the scan correspond
to the previously assigned linear chains of HCN.

orbit interaction for the GaHCN and In-HCN complexes is
sufficiently large that a minimum develops in the uppHn/,
state. Because tH&l;/, states of the MHCN complexes, and
the 213, states of the HCN-M complexes, correlate with the
excited spir-orbit component of the atom, we would not expect

. i temperature is increased are highlighted in the figure with an *
these states to be populated in helium droplets. P an'g g

or T. According to the harmonic vibrational frequency calcula-
tions in Tables 2 and 3, only the weakly bound van der Waals
complexes should absorb in this spectral region, so the observa-
Our experimental investigation for G& HCN starts with tion of five new peaks hints that higher order clusters are being
the pendular survey scan shown in Figure 6. The large dc electricformed. To sort out the contributions due to higher order HCN
field quenches free rotation of the complexes, resulting in a clusters, pick-up cell (PUC) pressure dependence measurements
single intense peak near the band origin. This scan was recordedvere performed. These results are shown in Figure 7 and were
with the gallium oven heated to approximately 1200 K and the obtained by individually recording the signal intensity as a
helium droplet source conditions optimized for a mean droplet function of the HCN PUC pressure while the laser is tuned to
size of 10000 atoms. The numbered tick marks above the scanthe peak of each absorption. The peaks at 3301.30 and 3249.88
show the absorptions of the linear chains of HENhcluding cm1 are found to optimize at the same pressure as HCN
both free and bonded fundamentals of the CH stretching monomer confirming they are related to just one HCN. The
vibrations. The peaks that grow in as the gallium oven peak at 3199.77 cm optimizes at very high HCN pressure,

Experimental Results
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Figure 7. HCN pick-up cell pressure dependencies of the peaks
attributed to gallium related complexes in the pendular survey scan of
Figure 6. The intensities of three of the peaks are observed to optimize
at the same pressure as HCN monomer, suggesting they are all related
to 1:1 complexes.

going off-scale in Figure 7; however a shoulder is observed
that peaks near the optimum pressure for a single HCN. Such
behavior is a consequence of a higher order HCN complex
overlapping a complex containing just one HCN at this
frequency. The band at 3189.10 choptimizes at nearly double wavenumber (cm!)

the pressure of HCN monomer, in good agreement with the Figure 8. Zero-field spectrum (A) of the band at 3301 thwhich
PUC curve for HCN dimer, suggesting this peak results from a we assign to the HCNGa complex. In the upper panel (B) the spectrum
complex of gallium with two HCN’s. The peak at 3283 thn is simulated using &I1;, model that effectively neglects the off-
marked by an 1 i he pendarscan, s nt inoluded n Figure JA06141 505, W18 51 Bt 0 1S S S0
7, however, it was also f(_)und t_o optlml_ze at th(_e same pressureparity splittingspthat may resolve the discrepancy in the rotationgl
as HCN monomer. The intensity of this peak increased when .gnstant reduction factor observed.

air was introduced into the pick-up cell and thus we preliminarily

assign it to an B HCN—Ga complex. All peaks were found to  TABLE 6: Summary of the Fitted Molecular Constants for
optimize at the same gallium oven temperature. the HCN—Ga Complex Using Two Different Model

] ] . Hamiltonians?
HCN—Ga. We assign the most intense peak in the survey

33010 3301.2 3301.4 33016

scan at 3301.29 cmd to the nitrogen-bound HCNGa complex HCN-Ga standarélly, perturbedtTly,,
based on the observed frequency shift&.91 cnt?! from the Vshire (M) —9.86 —9.86
- P B(cmY) 0.0163 0.0270

HCN monomer. Although this frequency shift is somewhat 71 6 o

_ 1 . D (cm™) 7 x 10° 5x 10°
larger than theb initio value of —2.47 cnr! predicted by the A (cmY) >10000 2000
harmonic frequencies (see Table 3), it is clearly not in the region . ) ) ) )
predicted for the GaHCN complex. From our 1D PES’s which In our “standard” model of &[1,, complex off-diagonal spin

. ! - . orbit coupling has been neglected, whereas in the “perturbed” model
include SOC we find that the binding energy of the complexis ¢ jiaqonal spin-orbit coupling is turned on. The large discrepancy

increased by 5.14 cm upon vibrational excitation of the HCN i the rotational constants is due to a large parity splitting in the
(see Table 4). Neglecting dynamical coupling of the different perturbed model.

dimensions of the PES, this change in the binding energy upon

excitation would result in a red shift in the vibrational frequency and the peak in the P and R branch intensities. The rotational
of the same value, improving the agreement with experiment. constantB, and centrifugal distortion constam, used for this

Interestingly a similar comparison based on the non-spibit simulation are given in Table 6. The rotational constént:
corrected potentials yields a red shift-66.27 cn?, illustrating 0.016(1) cm?, is a factor of 5.0 smaller than tta initio value
that spir-orbit coupling does not significantly effect the of By = 0.08057 cm! derived from the lowest bound state on
vibrational frequency shift of this complex. our 1D RCCSD(T)/aug-cc-pVTZ{332 potential. Although

Turning off the electric field we recover the spectrum shown solvation in helium droplets typically results in a reduction of
in Figure 8A, which clearly exhibits rotational fine structure. the rotational constant due to adiabatic following of some of
To extract the inertial parameters, the spectrum is accompaniedhe helium density, this reduction would be somewhat larger
by two simulations using differerf11; model Hamiltonians. than that observed for most systems. A typical value for the
The rotational temperature encorporated in both models has beerfeduction factor on a system of this size is-23%5, although a
fixed at 0.37 K, in accord with the droplet temperatét&* In reduction factor of 5 is not unprecedentéd®
the first simulation (B), we assume a “standafil;, model, What remains to be discussed is the effect of the off-diagonal
and that the fine structure is due to individual rotational SOC on the infrared spectrum. A full description of our
transitions. Descrepancies are observed in the Q-branch intensityapproximate model to simulate the spectra is given elsewfiere.
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Briefly, an effective Hamiltonian matrix is setup using parity Complexes having linear hydrogen bonds however, exhibit
adapted Hund’s case (a) basis functions. As noted above,systematic increases in the frequency shift of the hydrogen-
the important off-diagonal spin orbit matrix element is given bonded vibrational mode, which has been attributed to decreased

as vibrational averaging and the induced polarization of the
solvent!* Using the empirical correction factor suggested by
Bne/f AL+S’ 2gelf Dz 21/2(5) Merritt et al.#> we predict that the helium increases the observed

1212 12 2 red shift for Ga-HCN by 5.97 cm?, further improving the

agreement with theory. Fine structure is not observed for this

The Hamiltonian is then diagonalized to obtain the eigenvalues pand so a rotational level analysis in not possible; however, as
and eigenvectors and electric-dipole allowed transitions were mentioned above, we have determined that this peak optimizes
computed with standard spherical tensor algebra. The resultsat the same HCN pressure and Ga oven temperature as the peak
for the HCN-Ga complex are shown in Figure 8C. Qualita- we assign to HCN-Ga, which is suggestive of another 1:1
tively, the interaction of théX..,, state removes the degeneracy complex.
associated with the twell., states, resulting in parity, or Close examination of several pendular survey scans revealed
lambda, doubling. The magnitude of the parity splitting incor- 3 second broad feature at 3249.87¢nHCN pressure and Ga
porated into the simulation derives from the size of the atomic oyen temperature dependence measurements clearly show that
spin—orbit coupling constant, and on the energy separation  thjs band optimizes at the same conditions as the previously
of the ?Xy/, and?Ily; states 4), which can be estimated from  assigned G&HCN binary complexes. The frequency shift of
the potential curves of Figure 5. For the simulation shown in this band from HCN monomer is-61.3 cnt’, considerably
Figure 8C,B = 0.0270 cm*, A = 2000 cn1?, andA = 551 different from both the predicted free and bonded stretches of
cm. If one compares this rotational constant with &feinitio the two linear complexes. It is tempting to assign this peak to
value obtained from the 1D surfaces which include SOC, we the T-shaped complex which our potential showed a local
find that it is a factor of 2.98 Sma”er, which is in much better rn|n|mum’ however, more te|||ng is the frequency shift of this
agreement with that observed for the majority of molecules in pand from the peak we assign to the hydrogen-bound complex.
helium droplets. The unsatisfying feature of the new simulation The energy separation between these two peaks is 49.80 cm
is that the Q-branch transitions are also split, and no longer jn good agreement with the calculated harmonic frequency of
stack up at the band origin, where substantial intensity is the van der Waals stretching mode of 54.58 &ffior the Ga-
observed experimentally. Using our approximate model, we have HCN isomer. We thus assign this peak to a combination band
also explored the possibility that the vibrational band may take of the Ga-HCN isomer exciting the CH and the intermolecular
on some?Xy; <> “Iy, character, due to SOC; however, we  stretches. Definitive evidence that this peak must correspond
estimate that these effects are negligibly small. At present, we tg 3 binary G&-HCN complex, other than HCNGa, was found
attribute the poor agreement of the Q branch to a perturbationysing infrared-infrared double resonance population transfer
induced by the helium solvent, an effect which has been experiments, described elsewhételhe calculated harmonic
observed preViOUSly for a few closed shell linear molectfe®. frequency for the intermolecular bending mode is 76Tbrn

Our approximate model used to simulate the spectra of jn much poorer agreement with experiment. Combining these
HCN—Ga gives us a physical basis to understand such a largeresuits with those obtained for the AHCN and In-HCN
parity splitting in light of off-diagonal SOC; however, the = complexes, allows us to rule out the bending mode however;

paramete\ used to fit the spectra is not easily compared with see pelow. Exciting the combination band probes the van der
what would be obtained by higher level theoretical treatments. waals stretching mode in the CH excited state of HCN;

With the aid of the rotational state aSSignmentS derived from however’ the harmonic frequency calculations were on the

our simulation, we refit the HCNGa spectrum using the energy  ground state and also neglect SOC. Using 1D bound states that
level expressionF(J) = BJJ + 1) — D[JJ + 1)]* + (p/2)J include SOC, we predict the intermolecular stretching frequency
+ 1/2), which is appropriate for 1/, state of a linear molecule g pe 44.22 cmt on the “excited” HCN surface: see Table 5.
that exhibits parity splittingJ represents the total angular

momentum of the complex, which is a half-integer starting at
= 1/, for the 2I1y,, ground stateB andD are the rotational and
centrifugal distortion constants, respectively, gnid a parity To aid in our interpretation of the gallium results, experiments
doubling constant. The top (bottom) signs refer to levels of e were performed with aluminum and indium atoms, attempting
(f) parity. The band originB, andD constants are the same as t0o observe their respective entrance channel complexes with
those given in Table 6 under “perturbed”; however, we extract HCN. The pendular survey scans in Figure 9 show Al, Ga, and
p = 0.0286 cnt! or p ~ B. It would be very interesting to  In + HCN related peaks, and the 1:1 complexes have been
perform bound-state calculations encorporating the three inter-marked with an asterisk (also in color online). Peaks marked
molecular potentials to extract the expected gas-phase paritywith a T correspond to M(HCN),- 1 clusters, determined from
splitting. Such a comparison is especially needed in light of HCN pick-up cell pressure measurements.
the recent observations that the parity splitting in NO is  Al—HCN. First let us focus on the hydrogen-bonded region
increased! whereas in HCN-Br#4 it appears to be decreased where we assigned the GRICN complex at 3200.0 cmi.
upon solvation in helium droplets. When the droplets are doped with aluminum atoms and HCN,
Ga—HCN. When experimental conditions are optimized for a strong peak is observed at 3192.07¢mvhich we assign to
gallium atom pickup, a second new peak is observed at 3200.0AI—HCN, corresponding to a red shift from HCN monomer of
cm™ L. The experimental frequency shift from HCN monomer 119.13 cnt. Theab initio RCCSD(T)/aug-cc-pVTZ shift for
in helium is—111.4 cnt?, in reasonable agreement with our the AI-HCN complex is 93.83 cmi. A priori, one might think
ab initio result of—95.94 cnt! for Ga—HCN at the RCCSD- that aluminum, with its relatively small SO@ & 74.7 cnt?)
(T)/aug-cc-pVTZ level. Vibrational frequencies of helium should be the most accurately described by #ie initio
solvated rotors are typically shifted less than 0.1% from their calculations; however, we find the agreement is quite poor.
gas-phase values, thus allowing a direct comparison with theory. Correcting for the effects of helium solvation on the vibrational

Comparisons with Aluminum and Indium
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Figure 9. Three pendular survey scans corresponding to separate indium, gallium, and alumid@N experiments. New peaks related to the
metal atoms are highlighted and those marked with an asterisk correspond to 1:1 complexes. Peaks rhakedrevitelated to higher order HCN
clusters and the peak marked kv ¥ corresponds to the,NHCN—Ga complex.

band origint> we estimate a gas-phase origin of 3198.32tm
or a red shift of 112.88 cnt, slightly improving the agreement.
A second strong peak is observed at 3253.03%¢mwhich we

assign to a combination band of the CH and intermolecular A)

stretches, in analogy with the Ga results. From the energy

separation between this band and the fundamental, the van der B

Waals stretching frequency is determined to be 60.96'ciithe

calculated harmonic frequency for this vibrational mode is 69.14 C

cm™1, in qualitative agreement with that observed. The inter- )

molecular stretching frequency from our 1D RCCSD(T)/aug- D)

cc-pVTZ+{332 potentials, which incorporate the effects of , , , : ,
33057 33058 33060 33062  3306.4

SOC is 61.11 cmt, substantially improving the agreement with
experiment, thereby lending further support to our assignment.
The calculated harmonic frequency for the intermolecular

wavenumber (cm™)
Figure 10. Rotationally resolved zero-field (A) spectrum for the HEN

bending mode is 192 cm, placing this combination band out
of this frequency region.
In—HCN. A third set of experiments have been carried out

In complex observed in helium droplets. A series of simulations-(B)
(D) are also shown, which illustrate the effect of the transition from
Hund's case (a) to case (c) on the possible spegtra. 2000, 6415,
and 10000 cm* for simulations B, C, and D, respectively.

with indium. Extensive searching led to the identification of
the peaks marked with an asterisk in Figure 9, identified as 1:1
complexes, two of which are barely visible at this scale. By experiment than the harmonic frequency shift-#.09 cnt?.
comparing with our earlier assignments, the peak at 3219:1 cm The field-free spectrum for this band is shown in Figure 1A.
is assigned to the fundamental CH stretching vibration ef In In agreement with the HCNGa spectrum, we find that the
HCN, and the peak at 3249.11 chto the combination band.  field-free spectrum of HCNIn does not fit well to a “standard”
The intermolecular stretching frequency is determined to be 2[1;,, model Hamiltonian, shown as Figure 10D, which is the
30.01 cm?, in excellent agreement with that determined from result of strong off-diagonal SOC. Instead, the spectrum more
our bound-state calculations, namely 31.72°ém appropriately conforms to Hund’s case (c) rather than case (a).
HCN—In. Next let us focus on the free CH stretching region A simulation using intermediate coupling is shown in Figure
around 3300 cm!, where we expect the nitrogen-bound 10B, corresponding toA = 2000 cnt?, the sameX—II
complexes to absorb. In agreement with the gallium experiment, separation as that used in the simulation of the H@¥
a strong peak is observed in the indium survey scan, which we spectrum. That the parity splitting is much larger is due to the
assign to a HCNIn complex. The band origin of this complex larger SOC constant for indium. The fact that both HEB&a
is 3306.01 cm?, red-shifted from HCN monomer by 5.19 cfn and HCN-In require similarA parameters is reasonable based
The calculated frequency shift from the bound states on the 1D on their 1D potential energy surfaces. The rotational constant
potentials is—4.73 cnt?, in substantially better agreement with  obtained from the simulation of the experimental spectrum is
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eliminarily assign to a complex between a HCNAI reaction product and a
second HCN. Pick-up cell pressure dependence measurements indicate that this band corresponds to 2 HCN’s and MP2 calculations for the drawn

structure are in qualitative agreement with the molecular constants derived from the simulations of the spectra. See Table 7.

B = 0.023 cnt!, which is a factor of 2.64 smaller than that
predicted from our 1D potentials including SOC, namBy=
0.0608 cntt. This value for the reduction of B lends supporting
evidence to that used for galliunBtq = 2.98), where there is

some discrepancy between the experimentally observed and

TABLE 7: Summary of the Experimental and UMP2
Molecular Properties of the Complex between HCNAI and a
Second HCN That is Weakly Bound to the Al in a
Hydrogen-Bonded Arrangement

predicted spectra. Interestingly, there is no Q-branch feature
observed for HCN-In, in agreement with that predicted by the
simulations, hinting that the HCNGa spectrum is indeed
perturbed by the helium droplet. On the basis of the simple
pattern of rational transitions, we can say that the parity doubling
constantp ~ 2B.

HCN—Al — HCNAI. Careful searches in the HCN free
stretching region did not reveal evidence of a nitrogen-bound
HCN—AI complex in contrast to our gallium and indium results.
Instead, several weaker features are observed, which optimize
at higher HCN pressures and are thus related to higher-orde
(HCN)n=-1y—Al complexes. One possibility for the lack of
formation of a HCN-Al complex is that the reaction is

barrierless, or that the helium cannot quench the energy fast

enough to trap the reactants behind the entrance channel barrie
In contrast to our calculations on HCNGa, geometry optimiza-
tions for HCN-AI at the RCCSD(T)/aug-cc-pVTZ level, where
linearity is enforced, yield one imaginary frequency indicating
this geometry is a first-order transition state. Fully relaxed
calculations starting from linear HCNAI converged to HCNAI,
suggesting that the reaction has a very small barrier if at all.
Unfortunately, the tuning range of the FCL used in this work
prevents us from searching directly for the reacted complexes,

as predicted by the harmonic frequency calculations summarized

in Table 2. As noted above, several weaker peaks are observe
in the pendular survey scans, which can be attributed to
aluminum bearing complexes with more than one HCN. We
propose that these peaks are the result of reaction of HEIN

to form one of the four different products, and then a second
HCN is picked up by the droplet to form a weakly bound
complex, which maintains its high-frequency CH stretch. That
this may be possible is due to the unique growth process in
helium. Due to the multitude of possible reaction products and
the multidimensional potential associated with the second HCN,

r

constant UMP2/aug-cc-pVDZ experiment
vo (cm™?) 3260.56 3266.68
B(cm™) 0.0223 0.0093
u (D 3.54 3.5(3)

2 The calculated band origin has been scaled to the HCN monomer
band origin in helium. The experimental rotational constant is reduced
by a factor of 2.4 compared to the calculations, which is necessary to
account for the effects of the helium, providing additional support for
our assignment.

pectrum resembles a linear rotor, and that the band origin is
n the hydrogen-bonded frequency region of HCN, we searched
via ab initio calculations for possible products to compare with
the experimental results. A reaction product that shows excellent
agreement with the experimental data is shown in Figure 11,
and its calculated properties are summarized in Table 7.
rAlthough the complex is not exactly linear, the resultidg
rotational constant would be too large to allow significant
population in the excitedK states at the temperature of the
droplets, and thus the resulting = 0 < 0 band would be
indistinguishable from that of a linear rotor. The agreement with
theory is excellent lending strong support to this assignment.
Several other small peaks are observed and could be related to
more structures of this type. Apparently, the barrier in this
system is low enough that the reaction takes place for aluminum,

nd no HCN-Al is formed. On the basis of the observation of
he HCN-Ga and HCN-In complexes, we infer that the barriers
to these reactions are larger allowing stabilization of at least
some nitrogen-bound prereactive complexes. Repeating these
experiments using an appropriate laser source that can probe
the reaction products directly will allow one to determine if
any gallium or indium reaction products are formed upon the
initial condensation within the droplet.

Discussion

there are many possible structures. For the pendular peak at We begin this discussion by examining several observations

3266 cnt! we were able to record field-free and Stark spectra,
which are shown in Figure 11A,C, respectively. The Stark
spectrum was recorded in the presence of a 5.103 kVlcm
electric field. Molecular parameters derived from the fits to the
spectra are given in Table 7. On the basis of the fact that the

for the hydrogen-bound MHCN complexes. When one
compares the vibrational frequencies of the fundamentals in each
of the Al, Ga, and Ir-HCN complexes (3192, 3200, and 3219
cm 1), we see that the band origin is shifting nonlinearly to the
blue as one goes down the periodic table, a trend that is opposite
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to that observed in our earlier halogen work<{MCN?*> and absolute magnitude of the frequency shift, when SOC is
X—HF®3). A large red shift in frequency for a hydrogen-bound incorporated the relative spacing of the different metal atom
HCN complex can be shown to be a result of an interaction complexes is reproduced quite wellsa—nen — val—Hen = 6.12

that weakens the CH bond, which for this atemolecule cm ! andvin—Hen — VYea-Hen = 16.76 cnTl, compared to 7.93
system results mostly from a dipetguadrupole interaction of  and 19.1 cm? observed experimentally.
the fornf4 To interpret all of the observed features in our spectra, we
have assigned three peaks to combination bands on the basis
maZE,HCN of their agreement with theoretical calculations. What is slightly
VQ 0————- D unusual about this assignment is that the combination band
R intensities are comparable to the fundamentals, whereas typically

] ] ] ) combination bands are much weaker. For these open shell
[B,7Cis the mean square radius of the incomplete atomic shell, complexes, however, an additional source of mechanical an-
which s related to the quadrupole moment of the open shell harmonicity may come from state mixing induced by SOC,
atom ©,) by ©, = “/seli;"L] Ab initio calculations on the  possibly resulting in the combination band borrowing intensity
X—HCN and X-HF complexes reveal that the complexes have from the fundamental CH stretching vibration. Clearly a
increasingly larger binding energies as one goes down thetheoretical prediction of the intensities for these combination
periodic table, which we attribute to the increasing halogen atom pands would be helpful to further our understanding of the
quadrupole moments. Note that the distance between the halogegouplings present in these multidimensional potential energy
atom and the HCN center of mass also increases as one goegyrfaces.
down the periodic table however the increas®ioverwhelms Interestingly, only the intermolecular stretch combination
this effect. A similar argument might be applied to the metal 4145 have been observed for the MCN complexes, whereas
atom complexes and predict that the heavier metal atoms wouldine corresponding intermolecular bending combinations bands
also have larger binding energies, and a correspondingly largerg, ¢ missing. For AFHCN this is due to the fact that our survey
red shift of the HCN vibrational frequency. These trends are g.ans did not cover the appropriate frequency regigen(=
partly predicted in our nonrelativistib initio calculations for 192 cnt? at the RCCSD(T)/aug-cc-pVTZ level): however the
gallium and qlumlnum; namely, G&CN is predicted to be  pand combinations for both G&HCN (Wpena= 76.7 cnT?) and
further red-shifted from HCN monomer than-AHCN. For In— In—HCN should be located in this frequency region. Because
HCN, however, it appears that the increased van der WaalShe syrvey scans in Figure 9 were recorded under pendular
radius becomes important, making the interaction somewhat .ongitions, vibrational modes with transition moments parallel
weaker. Such a trend in vibrational band origins is not observed 5 ihe permanent dipole moment show an enhancement in
experimentally. Gallium atoms do have a larger quadrupole gyrength due to an orientational effect by the field. If the
moment than aluminum atoms, however, the dominant interac- ;prational transition moment angle for the bend combination
tion here is the SOC, making the overall interaction weaker as pang is greater than the magic angle, S4tfiese bands will

we go down the periodic table (see Table 5 for details), \yeaken with the applied field, possibly preventing their
producing a smaller effect on the+CN vibrational frequency  opsepyation. Clearly revisiting these experiments using perpen-

as the SOC increases. For the halogen complexesH(GN) dicular polarization would be helpful in determining if these
this interaction is not as important because the ground-state.qmpination bands can be observed.

configuration is?ITz/,, which does not interact via a first-order
process with théZ,,, state. For M-HCN, the ground state is
predicted to b&X,,,, which is perturbed by théll,,, state by
off-diagonal SOC. In this study helium nanodroplets have been applied to the
To estimate the contribution to the frequency shift resulting stabilization of the highly reactive entrance channel complexes
from an increase in the binding energy of the complex we between aluminum, gallium, and indium atoms and a single
compare the bound states from the 1D potential energy surfacesHCN molecule. These complexes may be particularly hard to
with the HCN restricted in @ = 0 or v = 1 like geometry, as stabilize using other methods due to the fact that the barriers to
we did for the nitrogen-bound complexes. One can see the-spin reaction are so small, and are predicted to lie lower in energy
orbit corrected binding energies of the complexes decrease inthan separated M- HCN. The small barriers to reaction give
the order of AlI> Ga> In, in good agreement with the ordering rise to an ideal scenario to probe the effects of long-range forces
predicted on the basis of the frequency shifts. Based solely onand tunneling on reaction dynamics at ultracold temperatures.
the differences in binding energies in the ground and excited Theoretical calculations predict two linear van der Waals
vibrational states, the calculations predict red shifts of 45.07 complexes for gallium and indium atoms with HCN whereas
(21.13), 46.42 (37.89), and 44.01 (43.86) ¢nfor the (spin- for aluminum, the nitrogen-bound isomer was found to fall into
orbit corrected¥=;, potential energy surfaces ofH#HCN, Ga— a reaction product well (HCNAI). Experimentally, the nitrogen-
HCN, and AFHCN, respectively. Clearly these frequency shifts bound HCN-Ga and HCN-In complexes as well as the
are much smaller than observed experimentally illustrating that hydrogen-bound AtHCN, Ga-HCN, and In-HCN complexes
the coupling ofR andrcy is not negligible, as one might have have been observed in good agreement with theory. The lack
expected for a hydrogen-bound isomer. Frequency shifts basedf the corresponding HCNAI isomer is attributed to reaction,
on the non-spirorbit corrected potentials agree with the relative even at 0.37 K. The rotationally resolved spectra of HGb&
ordering predicted by the harmonic frequency calculations, and HCN-In do not fit well to a standard Hund’s case &),
namely Ga-HCN > Al—HCN > In—HCN, but disagree with model, and we attribute this to an off-diagonal sparbit
our experimental results. The relative ordering predicted from interaction with the’Z ), state, which gives rise to large parity
our spin-orbit corrected potentials, namely AHCN > Ga— splittings. In the indium spectrum, the SOC is so large that the
HCN > In—HCN, is in agreement with our results, illustrating spectrum is best described using a Hund’s case (c) formalism.
that SOC cannot be neglected. Despite the large differenceUsing a one-dimensional treatment, we can qualitatively repro-
between our 1D calculations and experimental results for the duce the parity splitting, which brings the agreement of the

Summary
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observed rotational constant into good agreement with theoreti-

cal calculations. The HCNGa spectrum has a large Q branch
feature at the band origin that is not reproduced by the
simulations and we attribute this to a helium droplet interaction.
Two vibrational modes of the AAHCN, Ga-HCN, and In-
HCN complexes are observed and assigned to the fundament
CH stretching vibration of the linear hydrogen-bound isomer
and a combination band of CH plus intermolecular stretches.
Bound states on spirorbit corrected 1D (intermolecular stretch)

potential energy surfaces are presented and are in excellen

J. Phys. Chem. A, Vol. 111, No. 49, 20012315

(24) Xie, Y. M.; Yates, B. F.; Schaefer, H. B. Am. Chem. S0d.99Q
112 (2), 517-523.

(25) Lanzisera, D. V.; Andrews, LJ. Phys. Chem. A997 101, 7134~
7140.

(26) Nauta, K.; Miller, R. EJ. Chem. Phys1999 111, 3426-3433.

(27) Knuth, E. L.; Schilling, B.; Toennies, J. Bn Scaling Parameters
or Predicting Cluster Sizes in Free Je@xford University Press: Oxford,

K., 1995; Vol. 19.

(28) Lewerenz, M.; Schilling, B.; Toennies, J. P.Chem. Physl995
102, 8191-8207.

(29) Claas, P.; Mende, S. O.; StienkemeierRE.. Sci. Instrum2003

74(9), 4071-4076.

(30) Reho, J. H.; Merker, U.; Radcliff, M. R.; Lehmann, K. K.; Scoles,

agreement with the experimental frequencies for the van derG. J. Phys. Chem. 200Q 104, 3620-3626.

Waals stretch.

Due to limitations of our laser source, the reaction products
could not be directly probed. Rotationally resolved spectra for
a band at 3266 crmt were obtained, which we can definitively
assign to a complex between an Al atom with two HCN

molecules. On the basis of the agreement with theory, we assign

this peak to a weakly bound complex of HCNAI, with a second
HCN. The unique growth processes in helium allow for the
stabilization of such exotic cluster systems.

Building on the characterization of these reactive potential

energy surfaces, we have experimentally probed the reaction,

isomerization, and vibrational relaxation dynamics of these
entrance channel complexes, which will be the subject of a
future publication.
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