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The Jahn-Teller effect in CHCN* (X2E) and CRXCN* (X2E) has been found experimentally by zero kinetic
energy (ZEKE) photoelectron spectroscopy using coherent extreme ultraviolet (XUV) radiation. The vibronic
bands of CHCN* (X2E) and CRCN* (X2E) at about 4500 crrt above the ground states have been recorded.
The spectra consist mainly of the Jahreller active CG-C=N bending ¢s), the G=N stretching ), the

CHs (CDs3) deforming ¢s), and the C-C stretching ¢4) vibronic excitations. The JahtTeller active vibronic
bands ¢s) have been assigned with a harmonic model including linear and quadratic Taler coupling
terms, taking into account only the single mode vibronic excitation. The ionization potentials;GNC&hd
CDsCN have also been determined, and their values are 12 204001) and 12.2286£0.001) eV,
respectively.

I. Introduction able without taking the JahtTeller effect into consideration.
Therefore, vibrationally resolved structure studies for,CN*
(X)and CRCN* (X) are needed to provide concrete evidence
of the Jahra-Teller coupling in them. The JahiTeller effect

The vibrational structures of the acetonitrile cation and its
deuterium cation (CECN* and C3CN') have been studied

by photoionization mass spectrometry {Pf)and photoelectron in CXsY type molecules, such as GE, has been extensively
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instrumental resolution of 25 meV~@00 cntl), which is difficult to analyze theoretically. However, for GAN* and

S oo CD3;CNT, because of the low values of the-C=N bending
f'apparen_tly low for obtaining V|brat_|or_1ally_resolved structure fundamental frequencies-B00 cnt?), the multimode interac-
information® Therefore, only very limited information about '

Lo tion for the first several vibronic bands is expected to be weak.
the vibrational structures of GEN* and CQxCN* are known T n . . .
at present. The neutral GEN and CRBCN have theCs, Thus, CHCN* and CX@CN*™ may provide a very interesting

. example of a single mode Jahmeller effect.

geometrical structures and the outmost valence molecular N .
orbitals for them can be represented as)45a)(6a)%(1e)- In another respect, thg accurate ionization potentlals_(IP) of
(Ta)X(2e):1A" 210 If the geometric structures of GBN* (X) CH3CN and CRCN are important for their thermochemistry.
and CRCN' (X) also have the&Cs, symmetries, the expected The present most accurate IP of &HN and CRCN have
electronic configurations for them should be(2e)3:2E. As is uncertainties around 5 meV (40 ch) and were obtained by
well-known, the energy levels for the degenerate vibrational PE @nd P! ir;ethodg.There are very few measurements of IP
modes will be split due to the coupling of the electronic motion fOr CDsCN.
with the vibrational motion (vibronic coupling). This is the so- ~ In this paper, we report a study of the vibronic structures for
called Jahn Teller effect (see refs 1113 for recent reviews). ~ CHsCN* (X?E) and CDCN * (X?E), employing the pulse field

From the observation of the single quantum excitation of the ionization and zero kinetic energy photoelectron (PFI-ZEKE)
degenerate EC=N bending vibration 4g) in the photoioniza- ~ SPectroscopy*® and the coherent extreme ultraviolet (XUV)
tion efficiency curvet and also in the He(l) photoelectron radiation. Their vibrational structures show clearly the vibronic
Spectré Jahn-Teller Coup”ng was proposed to be present in COUpIing or the JahnTeller effect in them. The ionization
them. This is because the single quantum excitation of the Potentials of CHCN and CRCN have also been determined
degenerate vibrational band is usually not observable if the accurately.
Jahn-Teller effect is not present. However, the energy-level

splittings arising from the Jahiileller effect in CHCN*(X) [I. Experimental Section
and CXCN*(X) have not been observed until now. _ _
The geometries of C#N* (X)and CRCN* (X) have not The XUV photoelectron and photoion spectrometer used in

been determined experimentally. A recent calculation employing this work has been described recerifij: Coherent XUV

the DFT method showed that the geometric structure of-CH radiation was generated by using the resonance enhanced four-

CN* (X) has theCs symmetry, and hence, the bending vibration Wave sum mixing in a pulsed Xe jet. A Nd:YAG (20 Hz)

becomes nondegenerafelf this is true, the single quantum Pumped two dye laser system was used to prepare the

excitation of the G-C=N bending excitation should be observ- fundamental frequency laser beams. One beam produced by
doubling the dye laser frequency was fixed to match the two-

*To whom correspondence should be addressed. E-mail: ymo@ Photon resonance ¢g) frequency of the Xe 51§°Ps12)6p[1/2)
mail.tsinghua.edu.cn. — (5p°)!S, transition at 80 119.0 crm. The other beamafy)
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Figure 1. PFI-ZEKE spectra of (a) C})CN and (b) CRCN. The pulse electric field strengths used to ionize the Rydberg molecules were 0.85
V/cm. On thex-axis at the top are the XUV photon energies, and onxth&is at the bottom are XUV photon energies relative to the ionization

potentials of CHCN and CRCN. The vibrational bandsy24y, and 6 represent the €N stretching (»), the C-C stretching ¢s), and the CH
(CDs) deforming {) vibronic excitations from the ground state to thié vibronic states, respectively. (JTepresents the JahiTeller active
C—C=N bending ¢s) vibronic excitation.

was tuned from 435 to 550 nm by using different laser dyes. Stanford Research Systems) before further processing by a
The two fundamental beams were merged by a dichroic mirror personal computer. The pulses used to synchronize the two pulse
and focused by an achromatic lens (250 mm) into a pulsed Xe valves and the Nd:YAG laser were provided by a digital delay
jet. The apparatus consists of four vacuum chambers, namely:generator (DG 535, Stanford Research Systems). The pulse
(a) the frequency mixing chamber, which houses the pulse Xe voltages for field ionization were provided by another DG 535
jet (0.d. 1 mm); (b) the monochromonator chamber, which is with a high voltage option.
equipped with a gold-coated toroidal grating; (c) the beam source  The commercial samples, GEN (purity 99.9%, from
chamber, which houses a pulse valve (0.d. 0.7 mm) to produceTianjing chemical) and CECN (99.9 atom % D, from Acros
a pulse molecular beam [the beam enters into the ionization Organics), were used without further purification. The back
chamber through a skimmer (o.d. 1 mm)]; (d) the ionization pressures were the vapor pressures of the samples at room
chamber, which houses an ion spectrometer and an electronemperature. Care was taken to avoid the dimer and the auto-
time-of-flight (TOF) spectrometer together with a set of dual jonization signals’ contamination of the real PFI-ZEKE signals.
microchannel plate (MCP) detectors each for charge particle.
A separate MCP detector is installed in this chamber to monitor ||, results and Discussion
the XUV intensity.

The electron signals from the pulsed field ionization and the  Panels a and b of Figure 1 show the PFI-ZEKE spectra for
XUV radiation were fed into two identical boxcars (SR 245, CH3;CN and CRCN along with the assignments of the vibronic
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TABLE 1: Vibronic Band Positions? and Assignments for CH:CNT and COXCNT, these two bands have not been
the ZEKE Spectra of CHsCN and CD:CN observed:8 These two frequencies are much lower than those
CHsCN™ (X2E) CDsCN* (X2E) of the neutrals, 362 cnt for CH;CN and 331 cm? for CDs-
observed assignment observed assignmenit CN.Y7" The second lowest bands observed forCN™ and Cy-
CNT* are 360 and 317 cm, respectively. These are difficult to
23505 U7 %igg 8% assign as_the hgrmonics of the_lowest v_ibrat_ional bands observed.
360(5) 3Ty Even at first sight, the complicated vibrational structure may
554(3) (IT} 487(3) T} suggest that the JahiTeller coupling is operable here, as
683(3) 3Ty 603(3) Ty suggested by the previous studiésn the following, we provide
680(3) (] a detailed analysis of the vibronic structures shown in the first
804(3) 4 825(3) 4 parts of panels a and b of Figure 1, employing a simple harmonic
12%&19@) éfT? 943(3) 6 model that t_akes into account the linear and quadratic-dahn
1620 48 0 Teller coupling terms. _ _ _ _
2004(2) o 2029(3) ol (a) Jahn—Teller Coupling and Vibronic Band Assign-
2228(3) 22(JT)1 0 ments. The Jz_ahFr'_I'eIIer coupling will result in th_e sphttmg of _
2344 2ITR degenerate vibrational energy levels or the formlng_ of a vibronic
2380(3) 24Ty 2480(10) 25Ty structure. If we consider the Jahiieller coupling as a
2536(3) 23Ty perturbation and only one degenerate mode is Jdletier
2661(5) 23Ty active, the perturbation matrix elements of the linear and
2791(3) 24t quadratic coupling terms for @;, symmetry molecule (%)
2908(5) 25(JTY can be written as the followint; 13
3180(3) 26} 2951(5) 26t
ggﬁ@ 28,0T) 3139(5) 2865(ITY @,AZIHO0,A20= (v + Do, + EAZ (1)
2040
3982(3) 2% 4004(5) 2% AV — AZHPIA ) 20=
aThe band positions are relative to the ionization potentials of thtlfz{[U — Al + 2]1/2(30,“1 +[v+ A|]1/25U,’U_]} 2)

CHCN and CRCN. The units are in cmt. The numbers in the

parentheses are the uncertainties of the last diyjibrational bands o, @A 1

2, 4, and § represent the &N stretching (), the G-C stretching A+ 2AZH 7] A | Z0= Zwth{ [(v+ Al +4)(v+
(v4), and the CH (CDs) deforming @s) vibronic excitations from the U2 2

ground state to thath vibronic states, respectively(JT) represents Al +2)] 5y’,u+2 +2[(v + Al +2)(v — Al)] 5U',u +
the Jahn-Teller active CG-C=N bending {s) vibronic excitationd With _ _ _ oyl2

large uncertainty and the assignment is tentative. [(v = Al(v = Al = 2)] 51"’%2} )

bands of the corresponding ions. The pulsed electric fields usedWh?re[.\(il) andZ(il/Z).reprelsent the guantum label for the
projection of the electronic orbital angular momentum and the

FO lonize the samples were 0'35 vicm. Thg -resolutlons of our spin angular momentum on ti&, symmetric axis, respectively.
instrument under these experimental conditions were about 2 Lo
v, |, and & represent the vibrational quantum number, the

cm~12021|n Figure 1, there are blank regions where we could } ’ ° — -
. . - . vibrational angular momentum, and the sporbit coupling
not obtain reliable ZEKE signals due to the very low efficiency velw is the h ic vibrational f
of the four-wave mixing to produce the XUV light. The blank constant, respectivelyx Is the harmonic vibrational frequency
) for the Jahn-Teller active vibrational modeéd; andK; are the

regians are from-1280 to~1430 cnt for CHyCN and from dimensionless linear and quadratic Jafieller coupling con-
~1080 to~1230 cnt’ for CD:CN. The PFI-ZEKE signals have ; d . ping
stants, respectively, and they determine the splitting of the

been normalized tf th~ez Xuv |nteni|tle~s.2 i degenerate potential curve due to the Jaheller coupling.
Because CECN™ (X°E) (CDLN™ (X*E)) is formed by~ Agsyming the values db; , K, , wy, andé, the vibronic energy

removing the electron in the =N bonding, the vibrational —|eyels can be calculated by solving the Hamitonian matrix

modes related to €C=N will be excited. From panels a and  gqyation with matrix elements shown in egsa. Suitable

b of Figure 1, it is seen that the<C=N bending ¢s), which truncations of the vibronic basis wave functions should be made

is the JahrTeller active mode, the €N stretching (2), the (4 gyarantee the convergence of the energy levels that are
C—C stretching ¢4), and the CH (CDs3) deforming vibration considered.

(ve) modes are excited. Similar phenomena have been found in g, CHCN* (X2E) and CRRCN* (X2E), energy splitings

the high-r_esolution photoelectron spectroscopic and VUV pho- e to the spirrorbit coupling may exist. The spirorbit energy

toabsorption studie’:® splitting for the first vibronic state of HCN (X2IT) has been
The spectra may be divided into two parts. The first part is determined to be 50 cr.22 Therefore, the spirorbit energy

the energy region from the IP t81100 cnt?, where the G-C splitting for CHCN*T (X2E) (CDsCN* (X2E)) is expected to

= N bending excitations:g) are the main excitation. In this  pe smaller than this number because of the quench of the orbital

paper, the JahnTeller activevs mode is represented as (JT)  angular momentum due to the lowering of the symmetry. The

wheren is the nth vibronic energy level of thes mode (see  first vibronic bands for CHCN* and CRRCNT are shown in

section lli(a) for a detailed account). The second part is panels a and b of Figure 2, respectively. The pulse electric field

the energy region from-1400 to~4500 cnt* above the IP strengths used to ionize the Rydberg molecules were 0.25 V/cm.

where the vibronic bands afg, v2, v4, and v are excited. In these conditions, our instrument has a resolution better than
The vibronic band positions and the assignments are listed in1 cni 1.2 Even so, the first vibronic bands shown in Figure 2
Table 1. do not show rotationally resolved structures and their bandwidths

The first vibrational bands for GY¥CN* and CRCN* appear are around 40 crit. The widths of some bands in panels a and
at 235 and 196 crt in panels a and b of Figure 1, respectively. b of Figure 1 are as narrow as 15 thwhich are much
Because of the low resolutions of all the previous studies on narrower than the first vibronic bands. These phenomena
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Figure 2. PFI-ZEKE spectra for the first vibronic bands of (a) €H
CN and (b) CRCN. The pulse electric field strengths used to ionize
the Rydberg molecules were 0.25 V/cm. After taking into account the
Stark effect, the ionization potentials of @EN and CRCN are
determined as 98 432 8 and 98 630+ 8 cn1't, respectively.

98550 98580

TABLE 2: Spectroscopic Constant8 Used in the Fitting of
the C—C=N Bending Vibronic_Energy Levels (vg) for
CH3CNT (X2E) and CDsCN™ (X2E)

Molecule ws Dy Kt
CHsCN* (X°E) 329 0.10 0.13
CDsCN* (X?E) 302 0.10 0.22

aThe ws, Dy, and K; represent the harmonic frequency for the
C—C=N bending vibration in cm!, the dimensionless linear, and the
dimensionless quadratic Jahfieller coupling constants, respectively.
bThe comparisons of the calculated energy levels with those of the
experimentally observed can be found in Figures 3 and 4.

indicate that the spinorbit energy splittings may exist for the
first vibronic bands. Unfortunately, we could not deconvolute
the spectra to two spirorbit components and, hence, determine
the spin-orbit coupling constants. From the width of the first
vibronic band, it is reasonable to guess that the spiiit
splitting is around~10 cnT. To fit the spectra, however, we
simply assume thaf = 0. The parameters used in the fitting
are shown in Table 2. Figures 3 and 4 show the calculated

energy levels and their symmetry assignments along with those

observed. Because the Jahfeller effect mixes different
vibrational states and the vibrational quantum numbers are no

good quantum numbers anymore, we use the order of the energf

levels to label the vibronic energy levels instead of the
vibrational quantum numbers; that is, (Jeans thath energy
level of the vibronic state. In Figures 3 and 4, we also list the

leading terms of the basis functions, which contribute more than

10% to the wave functions of the corresponding energy levels.

Due to the coupling of the electronic motion with the
degenerate vibration, the potential energy of the molecule will
be shifted downward, and the shifted energy is called the-Jdahn
Teller stabilization energy. It can be calculated according to
the formuld?~12

€57 = Dw(1 + Ky 4)

Using the JahnTeller constants listed in Table 2, the stabiliza-
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Figure 3. relative vibronic energy level diagram for the-C=N
bending excitation:(g) in CHsCN* (X2E). In the figure, theharmonic

level represents the calculated energy level using the simple harmonic
model; theJahn-Teller level represents the calculated energy level
taking into account the linear and quadratic Jafieller coupling terms

(the coupling constants are listed in Table 2); thserved level is the
energy level observed experimentally (see Table 1)|eéhding terms

are the basis functions that contribute more than 10% to the wave
functions of the corresponding energy levels. For the symbe) the

first number represents the vibrational quantum numbemnd the
second one represents the vibrational angular momentum quantum
number. For levels with aand a symmetries, only the basis functions
with positivel are listed.

4
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Figure 4. Relative vibronic energy level diagram for the-C=N
bending excitationug) in CDsCN™ (X2E). See the caption of Figure 3
for more details.

tion energies for CECN* (X2E) and CXCN* (X2E) are both
calculated to be 37 cm. This is in agreement with the

trequirement of the BornOppenheimer approximation that the

tabilization energy should be only related to the electronic
structure. There are only very small JatiFeller stabilization
energies for CRCN™ (X2E) and CRICNT (X2E); however, these
small stabilization energies change the outlook of the ZEKE
spectra drastically.

The vibrational band intensities of the ZEKE spectra may
usually be described by the FrareRondon (FC) factord?23.24
Because of the JahiTeller effect in CHCN* (XZE) and COy-

CN* (X2E) and also the possible intensity borrowing@fby
mixing with other symmetric vibrational modes, a good
theoretical reproduction of the ZEKE spectra needs more than
a simple FC calculation. This requires detailed theoretical studies
in future.

(b) C=N Stretching (v,), C—C Stretching (v4), and CHs
(CD3) Deforming (ve) Vibrations. Besides the JahnTeller
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TABLE 3: First Adiabatic lonization Potentials (IP) of
CH3CN and CD3;CN#

molecule IP(eV) uncertainty(eV)  method  referehce
CH;CN 12.205 +0.004 PP 2

12.194 +0.005 PP 4

12.20 +0.01 PE 7

12.201 +0.02 PE 8

12.2040 +0.001 ZEKE  this work
CDsCN 12.23 PE 5

12.235 +0.005 PP 4

12.2286 +0.001 ZEKE this work

a A detailed list of IP by different experimental methods and authors
can be found in ref 172 By photoionization mass spectrometh\By
photoelectron spectroscopyBy zero kinetic energy photoelectron
spectroscopy. If there is spiorbit energy splitting, the IP should be
regarded as the average of the two spin-obit components.

active C-C=N bending (i5) excitation, the &N stretching ¢»),
the C-C stretching ¢4), and the CH (CD3) deforming ¢s)

vibrational excitations have also been observed, and their values
and assignments are listed in Table 1. The fundamentals of the

C=N stretching and the €C stretching vibrations have been
observed in the previous PES speétr@ur data with uncertain-
ties around43 cnr! (see Table 1) are within the large
uncertainties of the previous dat&&0 cnT?). The CH (CDs)
deforming vibration ¢g) has not been reported previously.

Yang et al.

than the previous data, are in agreement with the previous ones
within their experimental uncertainties.

IV. Summary

The PFI-ZEKE spectra for CG4€N and CRCN have been
recorded in the regions from their ionization potentials to about
4500 cnt! above them using coherent XUV radiation. The
Jahn-Teller effect in CHCN* (X2E) and CCN* (X2E) has
been found experimentally. The spectra consist mainly of the
Jahn-Teller active CG-C=N bending ¢s), the G=N stretching
(v2), the CH (CD3) deforming ¢6), and the C-C stretching
(v4) vibronic excitations. The vibronic bands arising from the
Jahn-Teller effect have been assigned with a harmonic model
including linear and quadratic Jahfieller coupling terms,
taking into account only the single modg)(vibronic excitation.
The ionization potentials of C}N and CRCN have been
determined with a much higher accuracy than the previously
reported data.
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is a degenerate vibration. Its observation also demonstrates the

Jahn-Teller effect in CHCN™ (X2E) (CDsCN* (X2E)). For the
neutral,vg is 1448 cn! for CHsCN and 1046 cm! for CDs-
CN.Y” Our data showed that the fundamentalsvgfare 1175
and 934 cm! for CHsCN* (X2E) and CQ}CN * (X2E),
respectively. For CECN * (X2E), the combination bands of
the G=N stretching () with the Jahr-Teller active C-C=N
bending ¢g) vibronic excitations are also highly excited.
However, we could not obtain a good fit of the combination
bands using eqs-13. The reason for this may be that the
anharmonic terms img or its coupling with other vibrational
modes have not been considered in eg81For COyCN +

(X2E), many fewer vibrational bands are found in the range of J.
1500-4500 cnT!. The bands are also much broader than those
in the first part of the spectra. The reason for this is not known

to us. However, it is noted that that @GON* has higher state
densities than those of GAN™.
(c) lonization Potentials (IP) of CH3CN and CDsCN.
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