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Negative ion photoelectron spectroscopy has been used to study the HGENHCNC ions. The
electron affinities(EA) of cyanocarbene have been measured to béHEANX 337 =2.003
+0.014eV and EADCCNX 33 7)=2.009-0.020eV. Photodetachment of HCCN to
HCCNX 33~ shows a 0.4 eV long vibrational progressionuig, the H—-CCN bending mode; the
HCCN™ photoelectron spectra reveal excitations up to 10 quantg.ifThe term energies for the
excited singlet state are found to Bg(HCCNaA’)=0.515-0.016 eV andT,(DCCNaA’)
=0.518+0.027 eV. For the isocyanocarbene, the two lowest states switch and HCNC has a singlet
ground state and an excited triplet state. The electron affinities ar@ERCX 1A")=1.883
+0.013eV and EAX A’ DCNC)=1.877+0.010 eV. The term energy for the excited triplet state

is To(HCNCa3A")=0.050+0.028 eV andT,(DCNCa3A")=0.063+0.030eV. Proton transfer
kinetics in a flowing afterglow apparatus were used to re-measure the enthalpy of deprotonation of
CH3NC to be A iH,08( CHsNC)=383.6+ 0.6 kcal mol L. The acidity/EA thermodynamic cycle

was used to dedud®,(H—CHCN)= 1042 kcal mol * [A{Ho(HCCN)=110*4 kcal mol ] and
Do(H-CHNC)=106+4 kcalmol'? [A{Ho(HCNC)=133+5kcalmol'l]. © 2002 American
Institute of Physics.[DOI: 10.1063/1.1496473

I. INTRODUCTION absorption spectta® of the H-CCN bendvia combination
ands with the H—CCN stretch as well as a millimeter wave-

ength stud$ of the pure rotational transitions clearly estab-

Fsh HCCN as a semirigid bender. The infrared spectra of
e combination bands of HCCN reporfea value for the

pure H—CCN bend of 128.9670.002 cm*. Quite recently

far infrared laser magnetic resonance spectroscopy has

z))E'ec"o?iCdrgai“ ”ig'osmt@tcﬁ"”][‘g;e'-g_o‘t’ University of Idaho. M been used to observe this low frequency bend at
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“present address: Department of Chemistry, Purdue University, West Lafay- [N this paper we report the photoelectron spectra of the

Cyanocarbene, HCCN, is an unusual molecule. Over th
last 10 years many spectroscopic studies and electronic stru
ture calculations have clearly established that this interestin
diradical is a quasilinear molecule. High resolution infrared

Lot IN' 47907-1393. Electronic mail: pgw@purdue.edu cyanocarbene anion, HCCN and its isomer the isocyano-
egiﬁggﬁi'ﬁ :‘n“:i'l'f ‘}:V:é(;@é”@afﬁé?;?;::;iﬁo tateed carbene anion, HCNC and obtain the electron affinities,
DElectronic mail: george@dali.chem.wesleyan.edu EA(HCCN) and EA(,\.HCNC)' The HCCN— spectra ShQW
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(=0.4 eV) of H-CCN bending vibrations that reveals a to bond top-like orbital on the carbof.For the case of

higher portion of the H-CCN bending potential than hasHCF, detachment of théA” anion provides the electron

hitherto been sampléed. In addition we have observed the affinity, EA(HCF)=0.542+0.005 eV, and the photoelectron

excited singlet statég *A’ HCCN. Photoelectron spectra of spectrd® reveal that the HCF state ordering has switcteesd

the isocyanocarbene anion show that for HCNC the singlepredicted;'’ X *A’ HCF is belowa *A” HCF by 0.65-0.02

and triplet states have reversed{!A’HCNC and eV.

a3A” HCNC. Further experiments of the proton transfer ki- It is common to regard the CN group aspseude

netics of HCCN and HCNC were used to measure the halogen but HCCN and HCNC will have peculiar properties

gas-phase acidities of GBN and CHNC. Together with  that might not be anticipated by HCF or HEBy analogy

the electron affinities, the gas phase acidities are used tom CH, and Eq.(1), one guesses that HCCN will be a ground

establish the absolute heats of formation of the diradicalsstate triplet and have a bent geomef()}';A”. The repulsion

A¢Hy9(HCCN) andA tH,gg( HCNC). of the H-C bonding pair of electrons with the? electron
To anticipate our photodetachment spectra, it is usefupair will probably deform the CCN bond angle slightly away

to discuss a qualitative picture of the valence of HCCNfrom 180°. Thus one would write HCCN as in E@).

and HCNC®® These molecules are carbenes and the parent

species, CH, is well-known to be a bent molecule. The

ground state of Chlis X 3B, with two low-lying*®~**singlet c—c=N

states; To(a1A;=0.392+0.002eV) and To(b!B;=1.02 or

+0.05eV). The states of methylene have been probed by 2

photodetachmerif If the ion is written as HCX in Eq. (1)

whereX=H, then detachment of the GHIX 2B,) anion can

produce the triplet ground state ¢X¥°B; as well as

CH,a*A;; EA(CH,) was found to be 0.6520.006 eV.

However, therw electrons of the &N bond are potentially
able to conjugate with both electrons on the HC fragment.
Consequently if the H—CCN bond angle straightens to 180°,
the HCCN diradical will be stabilizé& the linear HCCN
carbene becomes “doubly allylic.” Consequently, unlike

HCF carbene, the HCCN diradical is likely to be very floppy
X X or quasilinear; cf. Eq(3).
i :)—X ;

H H H
HCX™ *HCX 'HCX
(1)
When X=halogen, theHCX is stabilized by back-bonding HCCN A" HCCN g~ )

of an electron pair from the halogen X into the “emptg” Both the HCCN!A’ singlet and the HCCN?A” ion will be
orbital. The highly electronegative halogen atom also preferstrongly bent, Eq(4).

4

HCCN 'A’ HCCN™ 2A”
[

How can we describe the isomeric isocyanocarbene? If we A sketch of all the states of HCCN and HCNC, together

write the GVB structure for HNC, Eq5), we could write  with appropriate transitions, is collected in Fig. 1. The out-

analogous expressions for HCNC. lines of the photoelectron spectra of HCCNind HCNC
can now be anticipated. Photodetachment of HCOMll

produce both HCCRA” and HCCN'A'. Transitions from
H HCCN™ to *HCCN will be characterized by extensive exci-
or tations of the H—-CCN bending progression; in contrast the

1HCCN state will appear as a nearly vertical band. Detach-
H-N=C ment to produce eithetHCCN or *HCCN arises from dif-
(5)  ferent one-electron transitions; consequently one anticipates
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. “magic angle,” relative to the direction in which the elec-
a A" HCCN trons are collected. At this angle, the intensities of the pho-
toelectron transitions are independent of the orbital angular

momentum of the electronic transition and independent of
' the kinetic energy of the detached electrons. The relative
= H——( )~ Q= D intensity of the peaks in a given electronic transition is only
dependent upon the Franck—Condon factors. As will be dis-
X3 HCCN cussed below, we often change the polarization angle to help
identify different electronic transitions.
EA(HCCN) The target negative ions were prepared by the reactions
~, B of acetonitrile (CHCN) and methylisocyanide (GHNIC)
X"A" HCCN with O~ as demonstrated by Matimtea al?%?!
CH;CN+O™ —CH,CN-OH™ —HCCN™ +H,0, (6)
. H_ g!ge a’A" HCNC CHsNC+0™ —CH,NC-OH —HCNC +H,O.  (7)

O 00U In the photodetachment experiment, @ns are produced in
T (HCNO) a microwave discharge source. Roughly 0.1%i®©seeded

in helium and passed through an Evenson microwave
. cavity?? at a power of 50 W. The products from this source
X'A'l HCNC are then mixed with another flow of helium seeded with the

CH3CN or CH;NC. The flow tube reactor is encased in a
EA(HCNO) cooling jacket that allows the ions to be cooled to roughly

% q!%a - 200 K by the introduction of liquid nitrogen. This cooling
(o3
H

T,(HCCN)

helps reduce the intensity of hot bands and helps simplify the
photodetachment spectra. Negative ions were extracted into
the beam apparatus, which is floated -ar00 volts. The
Wien mass filter is calibrated using O(m/z 16 and
CH,CN™ or CH,NC™ (m/z 40 ions. The identities of these
FIG. 1. Valence bond picture of states involved in photodetachment fromions are firmly established by collecting their photodetach-
cyanocarbene anion, HCCN(top), and isocyanocarbene anion, HCNC  ment spectra, which have been reported previo%f@ﬁ?.The
(bottom); see text for details. .
photoelectron spectra were recorded as a function of electron
kinetic energy(eKE), which is readily converted to electron

different angular distributions of the scattered photoelecPinding energy(eBE) by subtracting the eKE from the laser

trons. The photodetachment of HCNGwill be similar to ~ Photon energy. The absolute energy scale was fixed by the
HCCN™. We expect a pair of nearly degenerdtdCNC,  Position of the’P,«— 2P, transition in the O photoelectron
1HCNC states: as in the case of cyanocarbenelHt@Né spectrunt® An additional smal(<1%) energy compression
state will be more strongly bent than the triplet state and willf2ctor was applied as determined from the comparison of the

closely resemble the geometry of the HCN®n. photoelectron spectrum of the tungsten ion With known
transitions in tungsten atoffi.

The flowing afterglow mass spectrométensed for the
gas-phase acidity measurements has been described in detail

Negative ion photoelectron spectra were measured usinglsewheré®2° All of the anions were generated by deproto-
a photodetachment apparatus described in more detailation of the appropriate precursor by either HGr NH, .
elsewherd>!® Briefly, we measure the kinetic energy of Hydroxide anion was produced by dissociative electron at-
electrons that are detached from a beam of mass-selectéachment on PO, followed by hydrogen-atom abstraction
negative ions using a fixed-frequency laser. lons are prepardcom CH,. Amide NH, anion was generated by dissociative
in a flowing afterglow source, from which all negative ions electron attachment on NH
are extracted and formed into a beam. Mass selection is Acetonitrile and acetonitrile-d(Aldrich 99.95% were
achieved using a Wien mass filter and the resulting ion bearased without further purification. Ultra high puritf HP)
is focused into an interaction region that is located inside delium (99.999% was further purified by flowing it through
ultraviolet (UV) laser build-up cavity. This cavity is pumped a molecular sieve trap immersed in liquid nitrogen. UHP
by a fixed frequency argon ion laser operating on either th@xygen was used without further purification. Methylisocya-
351.3 or 363.8 nm line. The detached electrons are collectedjde (CH;NC) was prepared by well-known chemisff.
and their kinetic energies are measured using a hemisphericBliefly, quinoline ando-toluenesulfonyl chloride were placed
analyzer and a position sensitive detectamicrochannel into a three-neck flask equipped with a pressure-equalizing
plate with a resistive anogleBy subtracting the kinetic en- dropping funnel, a thermometer, and a receiver trap, and
ergy of the electrons from the energy of the laser, we obtairtooled in liquid nitrogen, in an 8:3 molar ratio. To the solu-
the electron photoelectron binding energy. Typically, the potion, which was pre-heated to 75°C and evacuated to 15
larization of the laser is set at an angle of roughly 54.7°, theTorr, n-methylformamide(HCONHCH;) was added drop-

X 2A" HCNC -

Nimlos, et al

Il. EXPERIMENT
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FIG. 2. The photoelectron spectrum of HCCMhere the ion is produced

in a flowing afterglow source. The black connected dots show the spectrum

Nimlos et al.

features in this spectrum at low enerpgarting at a binding
energy of 2.0 eY¥ and an intense feature at about 2.5 eV.
Based on our discussion of the structure and bonding of the
HCCN carbene, we assert that the weak features arise from
the transitionX 3A” HCCN«— X ?A” HCCN™, while the sharp
peak results from a photodetachment to the singlet state,
alA’ HCCN—X2A” HCCN . As mentioned above, we can
cool the flowing afterglow source to about 200 K. This helps
reduce spectral congestion due to hot bands and typically
makes the photoelectron peaks more pronounced. The com-
plete spectrum of HCCN shown in Fig. 2 results from a
cooled ion source. Unfortunately, cooling the source often
diminishes the ion beam and consequently reduces the pho-
toelectron signal. The insert in Fig. 2 shows the origin region
of the spectrum collected at 300 K. Some features are more
clearly resolved due to the increased signal level.

There is a progression of small features that we have

collected with liquid nitrogen cooling of the source, while the red spectrumlabeled with capital letter¢A,B,...) and an intense feature

was collected without cooling. Peak positions are reported in Table I. Peakghat we have labeled with the lettar The binding energies
A—G arise from excitation into th@HCCN while peaka arises from exci-

tation into'HCCN.

wise (in a 1:4 molar ratio with respect to quinolin® main-
tain a smooth distillation rate. The collected material wasthe transition to théHCCN. The remaining peak in the spec-
subsequently distilled through a Vigreux column at atmo-trum at roughly 2.8 eV does not appear in other spectra and
spheric pressure and used without any further purificationwe have no assignment for it. The HCCNpectrum in Fig.
CDsNC was prepared from HCONHGEas a precursor. The 2 is qualitatively similar to the photoelectron spectfamb-
purity for all samples was determined by nuclear magneticserved for CH .

resonance NMR) (*H and *3C) and GC-MS characteriza-
tions, and acetonitrile was not present in the protiated obelieve that the origin0,0) of the transition to the triplet
deuterated samples.

Ill. RESULTS

A. Photoelectron spectra

(laser energy minus measured kinetic engfgy these peaks
are collected in Table I. The small peaks arise from detach-
ment to®HCCN and peala is the origin and only peak for

The lowest energy peak is identified with, and we

state is located within this peak, X 3A” HCCN
—X2A"HCCN". The peaks identified b§A,B,..) in Fig. 2

are irregularly space¢=350 cm ) except near the origin,
where the spacings are even more complex. As mentioned in
the introduction*HCCN will have energy levels that are a

Figure 2 shows the photoelectron spectrum of HCCN mix of the H-CCN bend and rotations. However, as the en-
produced using reactiofb). There are a number of weak ergies get significantly higher than the bending barrier, the

TABLE I. Peak positions for HCCN photoelectron spectrum.

Electron binding

Peak energy/eV Anisotropy8  Peak spacirficm™* Assignment
A 2.014 -0.45 HCCN(X 3A") HCCN™ (X 2A")
A1,0%-K’=0,1
285 A2,1%1Kl=2
A3,1*1—K!=0,1
B 2.050 —-0.26 B1,2°2—K.=2
B2,2*2K)=1
343 B3,2°—K’=0,1
B4,3"3—Kj=2
c 2.092 —-0.34 C1,3*1—K!=2
365 C2,3*%-K’=0,1
D 2.137 —0.42 D1,4*2—K.=2
D2,4*2—Kl=1
362 D3,4%-K’=0,1
E 2.182 —-0.39 E1,5%3—K}=2
424 E2,51—K}=2
E3,5°1-K!=0,1
F 2.235 —-0.40 445 6%°2.K’=0,1,2
G 2.290 -0.31 713 K.=0,1,2
a 2.518+0.008 -0.77 HCCN( A’) < HCCN™ (X 2A")

@The erratic peak splittings do not correspond to any simple mode in the HCCN molecule. As will be discussed,
the v5(H—CCN) bending vibration is a semirigid bender and hence is a highly anharmonic mode.
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molecule has harmonic levels similar to the linear molecule, O + CD.CN — DCCN-
HCCNSZ3 ~. This is what is qualitatively observed in Fig. 2. 407 a((|)’0) Ton m/z 40

Photoelectron angular distributions assist the assignmen Nt Ao Polaaation (547°)
of the spectral features. The angular distribution of detachec 200K
electrons with kinetic energdKE), 1(6), produced by plane- 300
polarized light has been descrilféd

A (0,0)

do op(KE)
I(0)~d—Q= = [1+ B(KE)P,(cosh)]. (8)

200+

Photoelectron Counts

Here op(KE) is the total photodetachment cross section,
B(KE) is the anisotropy paramete®,(cosé) is the second 100

Legendre polynomidl3(3 cog #—1)], andd is the angle be-

tween the direction of collection of detached electrons and

the plane of polarization of the laser. The anisotropy factor L P - . «

varies between-1 and 2 depending upon the electronic tran- 28 2.6 24 2.2 20
. . . . . . Photoelectron Binding Energy/eV

sition in question. We conduct experiments in which we at-

tempt to extraci3 by measuring the photoelectron spectra atrIG. 3. The photoelectron spectrum of DCCNthe peak positions and
#=0° and 90°. This is accomplished by rotating a half-waveanisotropies are reported in Table II.

plate in the build up cavity to the appropriate angle. If we

define a ratio, R:1(0°)/I(90°), the anisotropy parameter is

given by Eq.(9):

R—1 labeled with (A,B,..) have different anisotropy factors
B:_R' ©) [B(A),B(B),..8(F)=—0.3] than the peak labelead, B(a)
1+§ =-0.77.

Figure 3 is a plot of the photoelectron spectrum of the
deuterated cyanocarbene anion DCCHNnd it is apparent

nature of the photodetached electron. For atoms, detachmeﬁjﬂat th|§ spectrum is similar to HCCN The peak positions
of an s electron leads to an outgoingwave (¢=1) and and ar!sotropy factorsg, for the photoelectron spectrum of
B=+2, independent of the electron kinetic energy. DetachPCCN are collected in Table II. .
ment of ap electron results in a mixture of interferirsg and The photoelectron spectroscopy of isocyanocarbene an-
d- waves and leads to an energy dependent valug(@®r. At~ ion HCNC™ is similar to HCCN in many respects. Sharp,
the photodetachment thresholsiwave (¢€=0) detachment intense features are superimposed upon weaker features that
dominates, giving3=0 and yielding an isotropic photoelec- are more poorly resolved. Figure 4 shows the photoelectron
tron angular distribution. At photoelectron kinetic energiesspectrum of HCNC and peak position$A,B,a,b,...h) are
roughly 1 eV above threshold-wave detachment becomes collected in Table Ill. Figure 5 is the angular distributions of
important and8— —1. Electron detachment from molecular HCNC™ with the laser polarized at 0° and 90°. As antici-
ions is more complicated than the atomic case,®ig gen-  pated by Fig. 1, the photoelectron spectra of HCN@veal
erally found to be positive for detachment fer(s-like) elec-  the presence of two closely spaced electronic states in
trons and negative for detachment for(p-like) electrons.  HCNC. The intense features and B blend into the weak
The measurement of anisotropy factors has been sugrogression,(ab,...h). The B(A) value of —0.74 suggests
cessfully used to distinguish the singlet and triplet states iRyatachment of ar-like a” electron from HCNC. Conse-

. 16 .
p{]c:jtodeftatcr:]hmr?r}t sp%ctra of :g‘erc';qmggls' ('jntth'ﬁ quently we assign features and B to the singlet carbene,
study of the halocarbenes (HCPHCBr™, ), detach- HCNC(X *A’)—HCNC (X 2A") by their angular distribu-

ment to the triplet states produced a more posifvéhan . .
detachment to the singlet states. Figure 1 implies that thgOn and because of the strongly vertical nature of the tran-

photoelectron transition, HCCN(A”)—HCCN™ (X 2A"), sition. The weak feature@a,t%.é.,rl), with ’859 ,~th2en" belong
results from detachment od’ electrons. In contrast, the f[o the triplet carbene, HCN@('A") —HCNC (X _A )._Th_e
HCCN@ 1A’)<—HCCN’(;( 2A") transition results from intervals (a,b,...h) are spaced at roughly 300 ¢ this is
ejection ofa” electrons. It is difficult to anticipate the value SU99estive of a progression in a low frequency bend. Figure
of B associated with the HCC&(sAN) or of the 6 plots the photoelectron spectrum of DCNGnd the
HCCN( 'A’) value for 8. Figure 1 suggests that the active pegk p.ositiorjs are cqllected in Table IV. The pea!< labeled
a’ electron for the HCCNE 1A’)HHCCN*(§( 2A") transi- A in Fig. 6 is close in energy _to _the co_rrespondlng pgak
tion will be m-like and we anticipate a3(a") value of in the HCNC spectrum, confirming this as trle origin
roughly —1. of the transition to the singlet state, HCNCIA")
Photodetachment of HCCN with polarized laser «HCNC (X?A”). However, the peak labeled in the
light was used to measure the anisotropy factors for eacWCNC™ spectrum is shifted by roughly 0.042 eV from peak
of the HCCN features in Fig. 2. We find that the peaksain the HCNC spectrum. The isotope shift implies that the

The value of 8 provides an important clue as to the
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TABLE II. Peak positions for DCCN photoelectron spectrum.

Electron binding

Peak energy/eV Anisotropy3  Spacing/cm™? Assignment
A 2.013 -0.36 DCCN(X 3A")— DCCN~ (X 2A")
316 Al, 0°%-K7=0,1A2, 1*1—K}=2
A3, 171 K’=0,1 A4, 2*2K!=3
A5, 2%2. Ki=2 AB, 252 K!=1
B 2.052 —-0.34 B1, 2°%—-K!=0,1B2, 3*1—K!=2
377 B3, 3*1—K.=0,1
C 2.099 —-0.33 Cl, 4*2-K}=3 C2, 4*2—K}=2
375 C3, 4*2K}=1 C4, 4%-K,=0,1
C5, 553 K/=2
D 2.145 —-0.36 D1, 552—K!=2 D2, 5*%~K!=0,1
373 D3, 6°4—K!=3 D4, 6°2—K!=3
D5, 62—K,=2 D6, 62, 6*%—K}=0,1
E 2.191 —-0.29 El, 7*3—K}=2 E2, 7"1—K}=2
436 E3, 7°1—K}=0,1
F 2.245 —-0.34 F1, 8°2—K!=2 F2, 8*2—K/=2
487 F3, 8%2, 8% K/.=0,1F4, 9"3—K.=3
F5, 9°3—K?=0,1F6, 9°1K}=2
G 2.306 -0.37 10°*2—K2=0,1
461
H 2.363 —0.24 1171, 12*2K.=0,1
a 2.527+0.018 -0.78 DCCN( A’) < DCCN™(X 2A")

&The erratic peak splittings do not correspond to any simple mode in the DCCN molecule. As will be discussed,
the v5(D—CCN) bending vibration is a semirigid bender and hence is a highly anharmonic mode.

(ab,...h) progression arises from excitation in th@a%A”)  B3LYP/6-311G¢,p), while the bond lengths and bond
H-C-NCbend. angles were the result of a QCISD/6-3113{) calculation.
The electronic structure calculations in Table V reflect
the qualitative notions of valence for the HCCN carbene in
Egs.(3) and (4). We have computed the barrier to linearity
Tables V (HCCN) and VI (HCNC) collect the results for each of these specié€BS-QB3. As Eq.(3) anticipates,
of the electronic structure calculatioRsS® (CBS-APNO and there is a low barrier for the triplet carbene; the calculated
CBS-QB3 of the negative ion and two electronic states[ QCISD/6-311G(,p)] AE(A”,3%7) barrier is only 275
for these species usingAussiaN 9834 The vibrational gm’l. However, these barriers are much higher for the
frequencies were calculated by the DFT methodX?A” HCCN™ ion (5450 cm!) and the singlet carbene
a'A’ HCCN (5480 cmY). A section of the’HCCN bending
curve is plotted in Fig. 7. The curve and the 275 ¢rbarrier
result from a CBS-QB3 electronic structure calculation
while the HCCN bending vibrational levels are experimental

B. Electronic structure calculations

O + CH3NC - HCNC 0,0 . X L

400 ton m/z 39 AQO values*>’ The calculations in Table V are similar to many
Mot Ane Palacinatian (54.7° other electronic structure calculations and experimental mea-
200K B surements. Four different spectroscogimicrowavé and

2004 TABLE IIl. Peak positions for HCNC photoelectron spectrum.

Electron Relative Peak
Peak binding energy/eV  Anisotropyd energy/cm® spacing/cm?

Photoelectron Counts

A 1.884+0.013 —-0.74 0
o ’ B 2.019+0.020 —0.48 1089 1089
P 24 22 20 18 C 2.151+0.017 -0.29 2156 1067
Photoelectron Binding Energy/eV a 2.119 —0.06 1894
b 2.167 -0.10 2279 385
FIG. 4. The photoelectron spectrum of HCN@roduced in a flowing af- c 2.194 —0.02 2501 222
terglow source. Peak positions are collected in Table Ill. Péalend B d 2.219 0.03 2703 202
arise from excitation tdHCNC state and the peaks-h arise from excita- e 2.254 —0.10 2983 280
tion to 3HCNC. The bars are the results of a Franck—Condon fit to the f 2.294 —0.01 3310 327
calculated potential energy curve in the H-CNC bend in the triplet state. g 2.329 0.07 3590 280
The origin ofa 3A” HCNC is identified by thé0,0) symbol and is based on h 2.369 —0.06 3915 325

the polarization data in Fig. 5 and the isotope shift in Fig. 6.

Downloaded 11 Dec 2002 to 128.138.107.159. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 117, No. 9, 1 September 2002

Photoelectron Counts
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TABLE IV. Peak positions for DCNC photoelectron spectrum.

Electron binding Relative energy Peak spacing

Peak energy(eV) (cm™Y) (cm™Y)

A 1.878+0.010 0

B 2.012+0.015 1082 1082

a 2.077 1611

b 2.113 1898 286

[+ 2.156 2245 348

d 2.194 2550 305

e 2.232 2856 306

We anticipate that the computed molecular properties of
Tables V and VI will be reliable for all the states of HCCN
and HCNC except foPHCCN. Because théHCCN is a
semirigid bender, none of the B3LYP-calculated bending fre-

FIG. 5. The polarization dependence of the photoelectron spectrum ofjuencies nor theA rotational constant will be correct. As

HCNC™ where§ is the angle between the laser polarization vector and theshown in Table V. the measuredl rotational constafitis
photoelectron collection direction. '

infrared ™) techniques place th#HCCN barrier to linearity

in the range 200—300 cm.

Photoelectron Counts

FIG. 6. The photoelectron spectrum of DCNCThe inset is a scan over a

The parameters for HCNC and HCNGresemble our
estimates for the isocyanocarbene in Fig.al{H-C-NC)
for €1~3A” HCNC is calculated to be 138° whik'A’ HCNC
and X ?A” HCNC™ have ana(H—C—NC) angle of roughly
104°, but the CBS-QBAE(®A”,33 ™) barrier for HCNC is
calculated to be 2690 cm, so *HCNC is not nearly as
“floppy” as *HCCN. A qualitative result of these electronic
structure calculations is that HCCN *HCCN, HCNC,
HCNC, and*HCNC will all be well-behaved molecules.
However,2HCCN is a semirigid bender and will be an ex-
ceptional moleculé®The low-frequency H—CCN bending
mode that is active in Eq.3) will be an unusual vibration.
The vibrational angular momentum of this low-frequeney
mode will mix with the rotational angular momentum.

1000 -{

500

O + CD;NC -» DCNC

Ion m/z 40

Laser = 364 nm (3.408 eV)

Magic Angle Polarization (54.7°)
200K

Photoelectron Binding Energy/eV

nearly a factor of 3 larger than the B3LYP/6-3113§)
value. Because of the low bent/linear barrier and the fact that
the H-CCN bending mode is a semirigid ben@iéde infra),

we will treat the3HCCN molecule as if it were effectively
linear, but most of the geometrical parameters’fgt HCCN
(bond lengths, bond anglem Table V, as well as all of the
stretching vibrational frequencies, we expect to be reason-
able values. Indeed, Table V indicates that ##¢ HCCN
stretching vibrations are calculated to be correct with?

of the measured frequencies.

C. Gas-phase ion chemistry of CH 3;CN and CH;NC

The gas phase acidity is defirfécas the free energy
required to remove a proton from a molecule. For isocya-
nomethane the gas-phase acidity is thg,G,gg Of the fol-
lowing reaction:

CH3NC—CH,NC™ +H™. (10

Because of a discrepancy in the experimental gas-phase acid-
ity of CH3NC,?%*8we decided to remeasure this value, being
careful to insure that contamination from gEN was mini-
mal. We used a flowing afterglow device and selected-ion
flow tube apparatusSIFT) to obtain the acidity of CENC

by measuring the forward and reverse rate coefficidats,
andk_q4, for proton transfer to another base. For example,
k1, was measured for the following reaction with methoxide
anion by changing the residence time in the flow tube reactor
and measuring the signal for m/z 40 ¢MC™ and m/z 31
CH;0™:

CHsNC+ CH;0~ =2 CH,NC™ + CH;OH. (11)

The ratio of forward to reverse rate coefficients of proton
transfer yields the equilibrium constarie,, for proton
transfer between methylisocyanide and the known standard,
which can then be used to calculatg,,G,gg(11)

AnnGoog(11) = —RT In(ky1 /K 19)
= A acidG208 CH3OH) — A 4 fGoog CH3NC).

small region so as to increase signal to noise. The sticks are the results of a
Franck—Condon calculation.

(12
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TABLE V. Calculated[ QCISD/6-311G¢l,p) ] molecular geometries.

H
\C—C
N

Structural parameter HCCN™ - X 2A" HCCNX 3A” X 3A" ywave HCCNa A’
r«(H-CCN) 1113 A 1.078 A 1.106 A
ro(HC—CN) 1.402 A 1.339A 1.410 A
ro(HCC=N) 1.193A 1.195 A 1.177 A
as(H-C-CN) 06.7° 143.1° 107.1°
ag(HC—C=N) 73.5° 175.3° 172.8°
CBS-QB3
AE(bent, lineay barrier 5450 crmt 275 cmt 5480 cm't
Rotational constants/cm
A 16.77 50.61 [145.100 cm?] 17.03
B 0.36 0.36 [0.368 cm] 0.36
C 0.35 0.36 [0.365 cmY] 0.36
X 2A” HCCN™ B3 LYP/6-311G@,p) Harmonic modegunscaled
Mode Description Symmetry HCCN DCCN~

Wy H—-CCN stretch a’' 2926 2152

w, HC—C=N asym stretch a’ 1948 1940

w3 HC-CN stretch a’' 1072 1047

Wy H-C-CNbend a’' 947 794

ws HC—-C=N bend a’' 512 457

wg HC-C=N bend a” 508 503

X 3A” HCCN B3 LYP/6-311G¢,p) Harmonic modegunscaledl [Ar matrix IR Refs. 45, 61, and §7
Mode Description Symmetry HCCN Matrix IR DCCN Matrix IR

w1 H—CCN stretch a’ 3363 [3229.2v,] 2500 [2424.0v,]
Wy HC—C=N asym stretch a’' 1796 [1734.9v,] 1787 [1729.0v,]
w3 HC—-C=N sym stretch a’ 1228 [1178.6v3] 1188 [1149.2v5]
N H—-C—-C=N out-phase bend a’ 521 495
ws H-C-G=N in-phase bend a’' 406 332
wg HC—-C=N bend a’ 455 450
alA’ HCCN B3LYP/6-311G(,p) Harmonic modesunscaled
Mode Description Symmetry HCCN DCCN
o H—CCN stretch a’' 3068 2260
Wy HC-G=N asym stretch a’' 2094 2085
w3 HC—C=N sym stretch a’ 1091 1056
Wy H-C-CNbend a’ 937 773
ws HC—-C=N bend a’' 461 420
wg HC—-C=N bend a’ 328 321

We extracted the gas-phase enthalpy of deprotonation for Using the literature valué$®® for the acidity of
CH3NC, AgidHeCH3NC) from the experimental methanol and ethanol[A .Gy CH;OH)=375.1+0.6
A 1cidG20( CH3NC) and the calculatéd A 5. iS,06( CH3NC) kcalmoll  and A ,.(Gaoe CHsCH,OH)=372.0+0.6

_ kcalmol 1], the gas-phase enthalpy of deprotonation of
A CH3NC)=A CH;3NC '
acid 29 CHINC) = AccidGzad CHGNC) isocyanomethane[ A o.iHo0 CHsNC)]  determined in a
+ TA4cidS208 CH3NC). (13)  flowing afterglow using Eqs(10) and (11) is 383.6-0.6

1 . .
In Table VII, rate coefficients for the forward and reverseand 381.20.6 kcalmol - for reactions with methanol and

proton transfer reactions are provided with both methanofthanol, respectively. These values are higher than the earli-
and ethanol as reagents. The B~ ion was verified to be €St reported A,idHzos Value, but are in good agreement
free of contamination of CFCN™ (<3%) via a subsequent With more recent Fourier transform mass spectrometer
reaction with CHSSCH,. From control experiments, (FTMS) experiments by Nibbering and co-workéts
CH,CN™ generates both CG}$CHCN™ and CHS™ upon re-  [AacidH2ed CHsNC)=379.8+ 2 kcal mol™*].

action with CHSSCH;; however, CHNC™ generates only For the forward and reverse rate measurements in the
CH;S . Using this diagnostic probe, the purity of the flowing afterglow, CHNC™, CH;0~, and CHCH,O"~ were
CH,NC™ signal could be verified to contain less than 3% offormed by OH deprotonation of CENC and ROH, respec-
CH,CN™ as an impurity in the m/z 40 ion signal. tively. This prior deprotonation and the presence of excess
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TABLE VI. Calculated[ QCISD/6-311G{,p) ] molecular geometries.

N
X 2A" HCNC™ X 1A’ HCNC a®A" HCNC

ro(C—H) 1.124 A 1.111 A 1.085 A
ro(C—N) 1.394 A 1.339A 1.309 A
r(C=N) 1.195 A 1.202 A 1.211A
ao(H-C-NC) 102.7° 105.2° 138.2°
a(HC-N-C) 173.1° 171.6° 161.4°
CBS-QB3
AE(bent, lineay barrier 12100 cm® 9070 cm't 2690 cmt
Rotational constants/cm
A 15.66 16.44 28.06
B 0.39 0.41 0.40
C 0.38 0.40 0.40
X 2A" HCNC™ B3 LYP/6-311G@,p) Harmonic modesunscaled
Mode Description Symmetry HCNC DCNC™

@, H-CNC stretch a’ 2745 2012

w, HC-CG=N asym stretch a’ 1870 1865

w3 H-C-NCbend a’ 1197 920

w, HC-NC stretch a’ 969 972

ws HC-N-Cbend a’ 444 421

wg HC-N-Cbend a” 444 438

X A" HCNC B3LYP/6-311G(,p) Harmonic modegunscaledl [Ar matrix IR Ref. 61
Mode Description Symmetry  HCNC Matrix IR DCNC Matrix IR

®w; H-CNC stretch

w, HC—-N=C asym stretch

w3 H-C-NCbend

w, HC-NC stretchi] HC—NCIC bend

' 2048  [2834.5y,] 2165  [2110.9y]
1938  [1859.5v,] 1930  [1856.4v,]
1202 [1173.5v;] 918  [1082.9v]
1120  [1080.5v,] 1128  [904.5p,]

OO LY

ws HC—-N=C bend ! 402 382
wg HC—-N=C bend " 267 261

@ 3A” HCNC B3LYP/6-311G¢l,p) Harmonic modegunscaled

Mode Description Symmetry  HCNC DCNC
®w; H-CNC stretch a’ 3262 2424
w, HC—N=C asym stretch a’ 1711 1704
w3 HC—-N=C sym stretch a’ 1257 1216
ws; H-C-NCbend a’ 639 507
ws HC—-N=C bend a’ 395 375
wg H-C—-NCbendsHC—-N=C bend a” 300 337

neutrals could lead to an incorrect value of the rate coeffiProton-transfer studies by Nibbering and co-workers in an
cient for each of these reactions. Therefore, we have alsBTMS have bracketed the gas-phase acidities for these two
determined the equilibrium constant in a selected ion flowradicals. Using the difference between the acidities of the
tube (SIFT), where measurements of the NC acidityvia  reference compounds and the uncertainty in the acidities for
forward and reverse rate coefficients with §H yielded the reference compounds,the following enthalpies of

A eiH208(CHNC) as 383.6:0.6 kcalmol'®. This result is  deprotonation are obtained:,dH,9f( CH,CN)=373.6+3.0
compatible with the flowing afterglow methanol value, but kcal mol* and A 4¢igH9d CH,NC)=378.1+ 3.8 kcal mol L.
outside our error limits for ethanol. It is likely that competing

reactions in the flowing afterglow produce an erroneous

value for ethanol. Therefore, we report the enthalpy oflv. DISCUSSION

deprotonation of CENC to be A ,.idHo9g( CH3NC)=383.6

) . .o A. Qualitatively assigned photoelectron spectra
+0.6 kcalmol . This experimental value is in good agree- Q y g P P

ment with the G2ab initio electronic structure calculatith Both HCCN and DCCN have been carefully studied ear-
for A,cidHaos CHsNC) of 383.6 kcalmol! and the CBS- lier. Both electron paramagnetic resonancéEPR
APNO value of 383.3 kcal mof-. spectroscop§** and a matrix infrared(IR) study*® con-

In addition to the parent compounds, the acidities of thecluded that the carbene was a linear trip}ets. . However,
CH,CN and CHNC radicals have been establisif8d. beginning in 1979 a string of electronic structure calcula-
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1000 3an were 33~ and effectively linear. Table VIII provides a cor-
C‘:S Q};chﬂlate d votential relation between the six vibrational modes %" HCCN
experimental vibraﬁ.‘)’na] levels (beny and®3,~ HCCN (linean. The HCCN' spectra in Fig.
" 2 show detachment to a pair of different electronic states of
3 HCCN. The first state is surely th¥33S~ HCCN, which
+3 features a long progression in an irregular bending progres-
sion(A, B, C, D, E, F, andG); see Table |. Featur@in Fig.
2 is assigned as the origin of tle'!A’ HCCN. As predicted
by the generalized valence baf@VB) structures in Fig. 1,
0 the large structural change between the beAn” HCCN™
— and the quasilineaX X~ HCCN s reflected in the 0.4 eV
500 - 2% long Franck—Condon profile. The small change in geometry
between the HCCN and*HCCN results in a single intense
N feature a that marks the origin for thea *A’ HCCN
212 em —X2A"HCCN transition. The measured angular distribu-
tions (Fig. 3 reported in Table | clearly distinguish the long
E/em’} r progression of theX 33~ HCCN state(3=-0.3) from the
intense a feature that marks th&'A’ HCCN state (8
=-0.9.
0 _ To locate the origin of the triplet transition,
X33~ HCCN, in Fig. 2 we rely upon the measurements at
different flow tube temperatures, isotope studies, semirigid
—_— . bender calculations, and electronic structure calculations.
150 200 The HCCN featureA in Fig. 2 appears to be the lowest
H-C-CN angle energy transition in the spectra at both 30Qrkd) and 200
K (black); see Table I. The fact that the relative intensity of
FIG. 7. The H-CCN bending potential resulting from a CBS QB3 elec-thjs feature, centered at 2.014 eV, does not change signifi-
o f;;faiféea%zg:;‘;:gﬂ”s;2;;’&2@&1?‘5'e)l' egs Zrnedt;e result of high reso 4 ntly upon cooling from 300 to 200 K suggests that it is not
a hot band. The first feature in the photoelectron spectrum of
DCCN™ (peakA in Fig. 4 is at nearly the same energy,
tions*®=>! concluded that the HCCN molecule was bent2.013 eV; see Table Il. One expects le0) band to expe-
with a small barrier to linearity of 300—600 cth These rience little or no shift upon deuteration. Consequently the
early calculation®*°labeled the HCCN carbene as quasilin- un-corrected or raw electron affinity obtained from the
ear. A study of the rotational transitichprovided experi- peak[EA(HCCN)=2.014 eV or 46.4 kcal mol] is close to
mental evidence that HCCN is a semirigid bentiéf Fi-  the value calculated using CBS-APN®@6.0 kcal mol'?l) as
nally, high-resolution IR spectta® of the H-CCN bendria  shown in Table IX.
combination bands with the H—CCN stretch have shown that The HCCN and DCCN spectra in Figs. 2 and 3 are
this a low-frequency mode, 128.9680.002 cm’. Low- consistent with the GVB diagrams in Fig. 1. The angular
molecular weight resiSLMR) spectré of the H—CCN bend-  distributions and Franck—Condon profiles reveal detachment
ing fundamental have observed this mode directly affrom aX 2A” HCCN™ ion to the ground statg( 3%~ HCCN,
128.907 968 @0) cm ™. with an EAHCCN) of about 2 eV. Detachment to the singlet
The HCCN photoelectron spectra reflect detachmentstate of cyanocarbene provides a term value,
from a strongly bent anion to a quasilinear triplet, T,(a*A’ HCCN), of roughly 0.5 eV.
X3A"HCCN, and a bent singleg *A’ HCCN. Because of The photoelectron spectra of the HCN@re shown in
the lowAE(bent, lineay barrier for’HCCN plotted in Fig. 7, Figs. 4—6 and they are quite different from the HCCN
we will treat the HCCN vibrational manifold as if HCCN spectra. We associate the intense sharp péa&ad B with

TABLE VII. Flowing afterglow and SIFT rate coefficients for proton transfer between methanol, ethanol, and
methylisocyanide and their conjugate bades.

Keal10710 kgier/107 20
Reaction e moleculets™ cn® moleculets™
CH,NC™ + CH;OH— CH;NC+ CH,0" 4.7+0.9 3.8:05
CH;0" + CHsNC— CH;OH+ CH,NC™ 3.4+0.5 3.2:0.6
CH,NC~ + CH;CH,OH— CH;NC-+ CH;CH,O™ 25:0.1
CH4CH,0™ + CH;NC— CH;CH,OH+ CH,NC" 0.25+0.06

@The error in the rate constant is one standard deviation of these individual rate measurements. The flowing
afterglow experiments were carried in Columbus while the selected-ion flow tube measurements were done in
Boulder.
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TABLE VIIl. Correlation of vibrational modes otHCCN between benf@”) and linear £2 ) structures. The
3A” HCCN harmonic modetw) are from Table V and are unscaled; tHeé~ HCCN experimental mode@’)
and are reported by matrix isolation IR spectroscépgfs. 45 and 6land by far-infrared laser magnetic
resonancéFIR LMR) (Ref. 7).

bent HCCN®A” [3 rotations®6 vibs]| linear HCCNSS, ~ [2 rotations@ 7 vibs]

o modes
v, H—CCN stretck-3229 cm !
v, HC—C=N asym st=1735 cm*
v3 HC—C=N sym st=1178.5 cm*

a’ modes

w, H—-CCN stretch-3363 cm !

w, HC—C=N asym st=1796 cm'*

w3 HC—C=N sym st=1228 cm'*

w, HC—C=N out-phase bend521 cn*
ws HC—C=N in-phase bend406 cm* 7 modes

v, HC—C=N bend=369.5 cm!
a’ modes vs H-C—CNbend=128.9 cm*

wg HC—C=N bend=455 cm'*

detachment to th& YA’ HCNC; this is further confirmed by and the extended Franck—Condon profile, we assign these
the angular distributionB(A)=—0.74. There is detachment features t@& 3A” HCNC. These data are in accord with Fig. 1
to a second electronic state of HCNC beginning near featurand we have preliminary values for BACNC) of 1.9 eV

a. Because of the angular distribution of these pe@isd,  and theTy(HCNC) of 0.2 eV.

TABLE IX. Thermochemistry: Calculated energi¢i®m Hartreg and derived heats of formatiom (Hygg),
acidities (A ,idH209), bond dissociation energies ¢D bond enthalpies (Dg, electron affinitiegEA), and
term energiesT,) in kcal mol L.

CBS-ANPO CBS-QB3 B3LYP Experimental
Species (Eq Hartree (Eq Hartree (Eq Hartree kcal mol* Ref.

CH,CN'X 1A, (-132.706 45 (—132.5266]1 (—132.74811
CH,CN™ X 1A’ (-132.11085 (-131.93137 (-132.1433]
CH,CNX 2B, (—132.05515 (—131.87582 (—132.10093
HCCN™ X 2A” (—131.46382 (—131.28463 (—131.498 6
HCCNX 3A” (—131.3904% (—131.21142 (—131.43991
HCCNa A’ (—131.36947 (—131.19089 (—131.4318%
CHSNC X 1A, (—132.66836 (—132.48896 (—132.70975
CH,NC™ X 1A’ (—132.05872 (—131.87893 (—132.090 50
CH,NCX 2B, (—132.01755 (—131.83795 (—132.06357
HCNC™ X 2A" (—131.41977 (—131.2403% (—131.45467
HCNCX A’ (—131.34983 (—131.17169 (—131.39398
HCNCa 3A” (—131.34696 (—131.16650 (—131.396 01
A¢Hpgg CH,CN) 15417 68
A giH20d H-CH,CN) 374.6 374.4 380.4 37221 69
Do(H—CH,CN) 95.0 94.7 91.0 932 63
DHg4 H-CH,CN) 95+2 63
A¢Ho(CH,CN) 56.3 57.2 53.5 563 63
A¢Hpgg CH,CN) 59.8 59.5 55.8 583 63
EA(CH,CN) 35.0 34.9 26.6 35.580.32 23
A geidHaog H-CHCN) 371.8 371.7 378.6 3738.0 23
Do(H—CHCN) 103.4 103.3 99.7 162 this work
A{Ho(HCCN) 107.3 108.4 104.9 1304 this work
EA(HCCN) 46.0 45.9 36.9 46:20.3  this work
To(3 1A' =X 3A") 13.2 12.9 16.5 11980.3  this work
AHaeg( CH3NC) 39.08+1.72 65
A gidH20d H-CH,NC) 383.3 383.5 389.3 3813B.0 this work
Do(H—CH,NC) 94.7 94.9 90.4 913 this work
DH,e4 H-CH,NC) 96.3 96.4 91.9 933 this work
A¢Ho(CH,NC) 79.5 80.9 76.4 773 this work
A¢Hpgg CH,NC) 83.3 83.3 78.8 804 this work
EA(CH,NC) 25.8 25.7 16.9 24.420.55 24
A gidHaog H-CHNC) 375.7 375.6 382.7 378:8.8 24
Do(H—CHNC) 105.3 104.4 105.1 1664 this work
DH,og H-CHNC) 106.5 105.8 106.4 168! this work
A¢Ho(HCNC) 130.6 131.1 131.7 13% this work
A¢Hoo HCNC) 134.1 133.4 134.0 1366 this work
EA(HCNO) 43.9 43.1 38.1 43#0.3  this work
To(R3A"-X 1A)) 1.8 33 -1.3 1.4:0.6 this work
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B. Photoelectron assignments for HCCN and HCNC

The detailed assignment of the origin of the HCCTi
interesting because the active mode in the 4000 clong
Franck—Condon profile ig5, the semirigid bender. Quasi-
linear molecules have been discussed in detail by Biifiker
and Winnewisset® As shown in Eq(3) the HCCN molecule
exists between a strictly bent structufdy”, and a strictly
linear structure33 . In the bent structure with a high barrier
to linearity, the H—CCN bending vibration of the molecule
could be treated as a harmonic oscillator and a prolate rigi
rotor, with thea rotational axis being roughly parallel to the
CC bond. The rotation—vibrational energy for the H-CCN
bend, v, can be describ&d by

E( V5,J,Ka):hV5( V5+ 1/2)

+BJ(J+1)+(A—B)K2. (14)

In Eq. (14), vs is the quantum number for the bending vibra-
tion v, B is the average of thB andC rotational constants,
(B+C)/2, and is roughly 0.36 citt, Jis the rotational quan-
tum numberA is the rotational constant, aril, is the pro-
jection of J on the a rotational axesK,<J. For a linear
carbene®s ™ HCCN, the H-CCN bending vibration is de-
generate and has angular momentufy, the rotation—
vibrational energy would then be written°3s

E(vs,J,0)=hvs(vs+1)+BI(J+1)+gl2. (15)

There are no analytic expressions that describe th
rotation—vibrational energy levels of a semi-rigid bender, al
though approximate Hamiltonians exist to describe high
resolution infrared absorption experimert# quasilinearity
parametery,, is defined®® as

7051—4[

The parametety, should lie between roughly 1 for a rigidly
bent molecule and roughly-1 for a linear molecule. For
HCCN, vy, was recently estimated to be from0.07 to
—0.33 from microwave spectroscopy experiméntend
—0.24 from IR measuremeritsThe K, rotational quantum
number from the bent case (HCGN") must transform into
the ¢ quantum number in the linear case (HCEXN "), and
the quasilinear levels can be related to these two quantu
numbers. In Fig. 8 we have shown the correlation betwee

E(lowest state withK, or €=1)
E(lowest excited state witK, or £=0) |’

16)

the levels of HCCN and those for a rigidly bent molecule and 2

a linear molecule; the dotted lin¢s-) correlate the quantum
numberK, and ¢; K, ¢.
To understand the HCCNphotoelectron transitions in

Fig. 2 and to find an accurate origin of the photodetachment

spectra, we use Curl's semirigid bend8RB) calculations’
for HCCN and DCCN. As mentioned in the introduction, the
vibrational intervals, AE(1v;',0)=129cm' and
AE(2vz?1v:Y)=213cm}, have been measured for
HCCN*>" as well as fo°DCCN (75 and 208 cm?). Higher
HCCN nvsﬂ levels have been calculated by a semirigid
bender prograti (see Fig. 9. Detachment from the& 2A"
state of HCCN to X 3A” state of HCCN dictates that the
transition moment must hav&® symmetry or that the tran-
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FIG. 8. An expanded view of the origin of the photoelectron spectrum of
HCCN™. The upper trace was measured for ions produced at room tempera-
ture, the middle was measured for ions produced in the range 200—-300 K,
and the lower shows ions produced at 200 K. Energies for calculated tran-
sitions are shown with arrows and identities of these are shown in Table |
(see text

sition is a parallel one and in the plane of the HCCN mol-
ecule. As a result, the selection rtfidor these bent/linear
transitions iIsAK,=0,x=1. Electronic structure calculations
of AE(bent/lineay for HCCN™ in Table V conclude that the
barrier is about 5300 cit. Consequently we treat the ion as

if it were bent and we calculate the energies of the states of
the negative ion using Eq14). At the temperatures of this

gxperiment(zoo and 300 K there is significant population

only in theK}=0, 1, and 2 states in HCCNandK}=0, 1,

2, and 3 states in DCCN

An expanded view of the origin of the HCCNand
DCCN™ photodetachment spectra is shown in Figs. 8 and
10. This is an attempt to understand the feattir€0,0) in

O +CH,CN —» HCCN

Ton m/z 39
Laser = 351.1 nm (3.531 eV)
Magic Angle Polarization (54.7°)

100

1v5il 129 em™

s . EA(HCCN)
o A3
g A2
rs 300 K
200-300 K

N
200K

T
2.0

T
2.1
Photoelecton Binding Energy/eV

2.2 1.9

FIG. 9. A schematic picture of the H-CCN bending vibrational and rota-
tional energy levels for a bent moleculeft) and a linear moleculéight).
3HCCN is a quasilinear molecule and its vibrational—rotational levels are a
complex mixture of bending and rotational levels. The correlation of each
level in HCCN to bent and linear states is shown. The first three excited
levels are reported in the literatuf®efs. 4, 5, and J7 At higher energies the
levels of HCCN will start to approximate the harmonic spacings of a linear
molecule.
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200 , O™+ CD,CN - DCCN clump in Fig. 8. For the deuterated isomer we find
. o A e nm (3.408 V) EA(DCCN)=2.009-0.020 eV. The 20 meV error limits
K - T o Magic Angle Polarization (54.7°) cover the(A1,A2,A3,A4) clump in Fig. 10. The small shift
150 (zn s in EA(HCCN) upon deuteration is consistent with the zero-
£ ( i P 1v:! 76 em” point energies calculated using the vibrational frequencies in
g [) p2| Table V.
£ o, v A small correction needs to be made to the electron af-
E 17 r o frs EA(DCCN) finity to account for the rotational excitation in the negative
é ion. The final, corrected EA is extracted from the raw HaA
-9

this rotational correction which is commonly given®B{°
Eq. (17)

50

Ao=kgT

AI B/ C/ 3 BH _ BI 1
1% I B (a2 s owtatae ot @
2.3 2.2 2.1 2.0 1.9

Photoelectron Binding Energy/eV

wherekg is the Boltzmann constariL,is the ion temperature,
FIG. 10. An expanded view of the origin of the photoelectron spectrum ofand A, B, and C are the rotational constants for neutral
DCCN’. The upper trace was _collected at 300 K the lower trac_e at 200 K, A’ B’ ,C’) and negative ion /(\", B”,C”). The expression
tIinergles for calct_JIated transitions are shown with arrows and identities 0%17) is derived assuming symmetric top rotations and har-

ese are shown in Table(see text . . B L .

monic vibrational modes; consequently this is a valid ap-

proach for the HCNC ion but is suspect for HCCN since
both Figs. 2 and 3. In Figs. 8 and 10 we also show the lowefHCCN is a quasilinear species. However, the SRB
energy portion of the photoelectron spectra for these aniongalculations’ explicitly deal with the rotational—vibrational
at different flow tube temperatures. Superimposed upon theongestion so we do not have to employ EL/) to make a
photoelectron spectra are transitions predicted by the semjarge rotational correction to the raw electron affinity. The
rigid bender calculatior?$ for HCCN (Fig. 8 and DCCN  final, corrected electron affinities are BACCN)=2.003
(Fig. 10. Each transition calculated by the SRB program is+0.014 eV and EADCCN)=2.009+0.020 eV.
identified with a letter and number and the assignments are ldentification of the origin for the transition to the'a’
shown in Tables | and Il. These transitions are identified bystate is straightforward because of the vertical Franck—
the Ka” quantum number in the negative ion=0) and Condon profile and the break in the angular distributign,
the linear quantum numbers, E45), for the triplet carbene. As seen in Tables | and Il, the energy for thdeature is
(Tables V and VI identifyw, as the H-CCN bending mode 2.518+0.008 eV for HCCN and 2.5270.018 eV for DCCN.
in the HCCN™ and DCCN'.) For instance, the transition This fixes the term energy for the singlet state
from v4=0, KZ=2 in the ground state of HCCNto v,  To(HCCNa'A’)=0.515-0.016eV andTo(DCCNa'A’)
=1, ¢==1 in the triplet state of HCCN is marke&? in the =~ =0.518-0.027 eV.
spectrum and denoted™i—Ka”=2 in Table I. This con- The Franck—Condon profiles and polarization data in
vention is used for the rest of the calculated transitionsFigs. 4—6 establish that the ground state of HCN& i#\".
shown in Tables | and Il for HCCNand DCCN . When the The featureA in Figs. 5 and 6 is th€0,0) band and furnishes
splitting of two transitions is small, they are listed togetherus with the raw electron affinities: HEANCNC)=1.884
on the figure. In Tables | and Il we have grouped together the-0.013 eV and EADCCN)=1.878+0.010 eV. Using the ro-
transitions that correspond to peaks,B,..) identified in  tational constants in Table VI and expressia), we derive
Figs. 2 and 3. FeaturA3 labels the®> ™ HCCN 1v; ' state  the final electron affinities for HCNC; EAMCNC)=1.883
and it is split from the(0,0) bandAl by 129 cmit. As Figs.  +0.013 eV and EADCNC)=1.877+0.010 eV.
8 and 10 show, the transitions calculated using the SRB pro- From the polarization datérig. 6 and Table V), it is
gram appear to bunch together roughly where the experimerclear that peak# and B belong to the HCNX A’ state,
tal photoelectron peaks are located. However, at higher emwhile the peaks labeled with lower case lettéd,...) be-
ergies the fit appears to break down. One would not expedbng to the triplet carbene, HCN&E®A”. We observe fea-
very good agreement for the higherstates, since there was turesA andB in Fig. 4 to be split by 1082190 cmi * and a
no input from the higher states into the quartic potential similar interval is observed for DCNCL082+170 cm Y in
used by the SRB. As a result, we believe that the agreemerrig. 6. On the basis of the harmonic frequencies in Table VI,
between the semirigid bender levels and the photodetaclwe usew, to assignB as one quantum of excitation of;,
ment data in Fig. 10 is actually reasonably good. the HC—N=C bend. Table VI reports that the harmonic

Once the origins of the photoelectron spectra of HCCN mode is calculated at 1120 cthand v, is observed in an Ar

and DCCN' are assigned, one can extract the electron affinmatrix at 1080.5 cm®. The electronic structure calculations
ity. The featureAl in Fig. 8 labeled with the transition of the harmonic modes of HCNC and DCNC in Table VI
0%-K2=0,1 is the origin of the HCCN spectrum and imply that two of the vibrational fundamentals; andv,, of
from this we extract an electron affinity, EACCN) DCNC have been mis-assigned. The B3LYP/6-311@J
=2.003:0.014 eV. The 14 meV error limits are chosen calculations predict a tiny shift foo,, the HC—NC stretch,
conservatively to encompass most of tHA1,A2,A3)  while wz, the H-C—NCbend at 1202 cm, is expected fall
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to 918 cm ! in the D—C—NCisotopomer. It seems sensible semirigid bender, it will not be so straightforward to compute
for us to reassign the matrix speéréor DCNC with v; as  the integrated heat capacity of this carbene,
904.5 cm ! and v, at 1082.9 cm™. JdT C,(HCCN). As shown in the Appendix, we can re-write
Identification of the origin of the transition the acidity/EA cycle as

HCNCa3A"«HCNC X2A” is more difficult. We can

clearly identify peaks—h in the spectrum of both HCCN

and DCCN as belonging to th@ °A” state of HCNC. The ~Aacid 206 RH)=Do(RH) + IP(H)—EA(R)

anisotropy of these peak$=0.0 to —0.1) relative to those

for peaksB(A) and 8B) demonstrates that these features do —f dT[Cx(R™)+Cy(H")—Cp(RH)].
not belong to the HCN& A’ ground state.
Assignment of th€0,0) band for HCNCA A" becomes (18b

complicated because the apparent origin for this transiéipn,
is shifted by 0.042 eV to the red upon deuteration. The cal- Tgple IX collects the thermochemistry of HCCN and
culated shift of the origin based upon the zero-point energiegicNC. The experimental C—H bond energies, Q¥RH)
of the negative ion and the triplet st_a(tfaeom Table V) is ~ for CH3NC, CH,CN, and CHNC, are obtained using Egs.
0.003 eV. We have conducted experiments at 300 K, which1g4 and(18b). Using these bond energies, we calculate the
suggest that peak in the DCCN' spectrum is not a hot heats of formation of CENC, HCCN, and HCNC from the
band. Thus it is likely that peal in HCNCa3A” and knowrf® heats of formation of the CHNC and CHCN.
DCNCa®A” arises from an overtone in tté-C—NCbend.  Taple IX lists the experimental results and compares them
To locate the origin, we calculated the potential energyyith electronic structure calculations. The computational re-
curves for the H-C-NC bend in the HCNC and  gyits are referenced to the heats of formation of,CN and
a*A"HCNC and we calculated the resultant Franck—cH,NC. Results for values calculated using the CBS-APNO

Condon factors. We move the origin of the transition in thetechnique are given in Table IX. This technique has been
photoelectron spectrum for both HCNGind DCNC  until shown to have a root-mean-squafens error? of 0.7

a calculated peak matches with peaRrhe result of our best ¢l mol™* for the G2 test set. For comparison, we have also
fit is that we obtain a binding energy for tRA” HCNC of  gjculated energies using the more recent CBS-QB3
1.944 eV for both HCNC and DCNC; the calculated Franck—echnique®® This method is similar to the CBS-Q technique,
Condon factors are shown as red sticks in Figs. 4 and 6. Agyt it optimizes the geometry and conducts a frequency cal-
can be seen, there is a weak feature at this location whichyjation at the B3LYP/6-311Gip) level, and it utilizes
matches with the small calculated Franck—Condon factor fogoypled-cluster single double trip[€CSDT)], rather than
theda>A” origin. We assign this as the origin and, with the CISD(T), for the ultimate energetic calculations. It is re-
rotational correction, the binding energy is 1.938025 €V ported that the rms error is 1.1 kcal mblfor the G2 sef®
for HCNC and 1.925:0.025 eV for DCNC. These error lim- byt these calculations are much more efficient than the CBS-
its are chosen to account for the breadth of the shoulder o(APNO method. Table IX also lists the results obtained from
peakA, which we assign as the origin. The term energies folg3| Yp/6-311G(l,p) calculations, which is even faster.
the triplet is To(HCNCa®A")=0.050:0.028eV and As can be seen, there are only minor differences between
To(DCNC@°A")=0.063-0.030 eV, which is close to the the CBS-QB3 and CBS-APNO calculations. The
electronic structure calculations of Table IX; CBS-APNO B3|yYp/6-311G,p) technique produces a greater error in
value for To(HCNC@ *A”) is 0.078 eV. energy but provides fairly accurate molecular geometries and
vibrational frequencies.

Recently® a set of collision-induced dissociation studies

C. HCCN and HCNC thermochemistry of deprotonated chloroacetonitrile have been reported:

) C{CHCN —HCCN+C{¢™. Using a measurement of the
Using EAHCCN) and EAHCNC) and gas phase en- iqreshold for chloride dissociation, the absolute heat of
thalpies of deprotonationd ,.idHogg, it is Nnow possible to

e ov@Rd formation of the cyanocarbene and the bond energy
complete a number of thermodynamic cy for CHCN ¢ the cyanomethyl radical were founds ;H,e HCCN)

and CHNC. The enthalpy of deprotonation ,.iHog9g( RH =115.6:5.0kcalmol ! and DHggH—CHCN)=107.3
—R™+H"), can be related to the acidity, ionization poten- . 5 4 kcalmol L. As we describe in the Appendix, the usual
tial, and the electron affinity: route the acidity/EA cycle used to find bond energiesiés
Eq. (183, which requireddT C,(HCCN). Since HCCN is a

AcidH2e8 RH) = DHaog( RH) + IP(H) — EA(R) floppy molecule, the heat capacity integral is a difficult sum

to perform and we have adopted HG8b) instead. Conse-
—f dT[CR(R)—Cp(R™)+Cp(H) guently we cannot measure R H-CHCN) to compare

with the CID measurement; Table IX only reports
—Cp(HN]. (189  Do(H—CHCN) value of 1042 kcal mol ™.

It is always interesting to contrast the thermochemistry
In (183 IP(H) is the ionization potential of the hydrogen of (HCCN—HCNQ polyatomic radicals and Table IX pro-
atonf® and the integrated heat capaciti€)) are calculated vides some interesting examples in Et). For comparison
via equilibrium statistical mechani®8.Because HCCN is a we list the corresponding vallégor CH, in Eq. (19a.
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H D, = 103.3 kcal mol™ D, = 108.6 kcal mol ™
\ H/lll[. ¢ i
H\\\\\n"C_H o /'.C—_-H » H_C_I"I (193)
H/ H
X A", X B
D, = 93 = 2 kcal mol™ Dy = 104 = 2 kcal mol™!
Hm _' °°*
N . /C-C-N » H—C—C=N (19b
H
X B, X’z
Dy = 91 % 3 kcal mol? D, = 106 * 4 kcal mol®
® L N )
g J—N=C HIM e=N=C » H—C—N=C (199
H
H
X'A X’B XA
1 1 X A

The first bond energy of methan€l9g is 103.3:0.1
kcal mol ! and produces H plus the Ghadical; dissociation
of CH; to produce H and CH requires 108.60.5
kcal molt. When CHC=N is considered? the C—H bond
energy drops from 103:80.1 kcalmol! to 93+2

were supported by a grant from the National Center for Su-
percomputer Application€NCSA Grant No. CHE-980028n

W.C.L. is pleased to acknowledge support from the National
Science Foundation and the Air Force Office of Scientific
Research. C.M.H. is supported by the National Science

kcal mol ! and reflects the allenic nature of the cyanomethylFoundation (CHE-9733457 and the Ohio Supercomputer

radical, CH=C=Ne, X ?B;. The 10 kcal mol*® stabiliza-
tion energy(103-93, is a typical value for allylic resonance
stabilization'® Similar argumentd apply to the isonitrile,
CH;NC; the C—H bond drops from 103t®.1 kcal mol ! to
a Dy(H-CH,NC) of 91+3 kcalmol'l. The second set of
C—H bond energies, J)0H-CHCN) of 1042 kcal molt
andDo(H—CHNC) of 106-4 kcal mol'%, are comparable to
that of the CH radical, Do(H-CH,) of 108.6:0.5

Center. G.A.P. is supported by the Department of Energy
(DE-FC02-00CH11021and by Gaussian Inc. The authors
are greatly indebted to Michael D. Allen and John M. Brown
for several helpful discussions about the spectroscopy of
semirigid benders and the FIR-LMR spectra. We have also
profited from discussions with Michael C. McCarthy and Jon
T. Hougen about the complexities of semirigid benders. Rob-
ert F. Curl has been very generous in discussions of his high-

kcalmol L. The term values of these carbenes vary wildlyresolution IR spectra and in sharing his semirigid bender
from AE(*A;—3B;)CH,; To(CH,a'A;)=0.392+0.002 program together with his HCCN potential that was used to
eV while To,(HCCNa'A’)=0.515+0.016 eV. However, the construct Tables | and Il. G.B.E. thanks Emily A. Carter for
SHCNC and'HCNC states are inverted in the isocyanocar-continued discussions about the organic radicals and their
bene and now,(HCNCa 3A”)=0.050+0.028 eV. valence. We dedicate this paper to our long time friend and

The HCCN  photoelectron spectra are compatible with NIST colleague, Dr. Kenneth M. Evenson, who passed away
all of the earlier high-resolution microwavend infrared on January 29, 2002. Ken was one of the people who made
spectrd >’ of 3HCCN, which reveals this species to be a Boulder unique in the world, and all of us will miss him.
quasilinear molecul&*’ The root of the exceptional proper-
ties of HCCNX 33~ is the allylic resonance that is activated
by the H-CCN bendys, as sketched in Eq3). This notion
would predict thatHC—C=CH will also be a quasilinear
molecule and will be effectively lineaiX 33, ~; the singlet
will be a bent molecule, HC—=&CHa'A’.

APPENDIX: ALTERNATIVE FORMULATIONS
OF THE “ACIDITY/EA CYCLE”

The “acidity/EA cycle” is a well-known route to the
determination of bond energies of polyatomic molecfes.
The purpose of this Appendix is to develop two convenient

G.B.E. is supported by grants from the Chemical Physicwvariations of this cycle.

Program, United States Department of Ene(@E-FGO02- The enthalpy of deprotonation of a species, RH, is
87ER13695 Some of the electronic structure calculationsdefined’ as
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RH—R™+H",
A qcidH20d RH) = A¢Hpgg R™) + AtHpgg H')
—AfHyog(RH).

The ionization energy, IE&ionization potential, IF, is de-
fined by Ervin in his Eq(8) as

(A1)

H—H"+e,
IEz9e(H)=A¢Hood € )+ AHagg H") — AHpog H

Likewise the electron affinity, EA, is defined

). (A2)

R —R+e,
_ - —, (A3)
EA9d R) =AHgg( €7 ) + AtHpog(R) — AfH0d R7).

There is a hidden problem of convention to note in E42)
and (A3). We adopt the “electron convention” that is

defined’ so that the electron is treated as an element. Con-

Nimlos et al.

and EAR) can be measured and the ion"(Rand radicalR)
are well-behaved molecules, then E48) will furnish the
bond enthalpy, DEyg(RH).

However if one is studying a floppy molecule, such as
HCCN, then application of EQA8) is complicated since we
must compute/dT[C,(HCCN)—C,(HCCN")]. The usual
routé* to computing the integrals over heat capacities is to
assume that symmetric top rotations and harmonic vibrations
approximate the molecule. This is simply not the case for a
semirigid bender like HCCN s¢dT C,(HCCN) is a diffi-
cult sum.

We can rearrange EqA8), recalling that DHgg( RH)
=Do(RH)+ J[dT[C,(R)+ C,(H) —C,(RH)]. Consequently
Eqg. (A8) becomes

A acidH20d RH) = Do(RH) + 1Py (H) — EApk(R)

+ J dT[Cp(R7)+Cy(H") = Cp(RH)].

sequently the heat of formation is zero at all temperatures;

AfHr(e")=AHyog(e )=0. Since C, is defined to be
(9H/4T),, then the “electron convention” implies that
Cp(e") is also zero.

(A9)

With this different formulation one uses the experimental
values forA,.;H29(RH) and EAR) again, but since Eg.

Proton transfer kinetics at 298 K is commonly used to(A9) only usesde[Cp(R‘)+Cp(H+)—Cp(RH)], we only

measure the gas-phase acidity,.i{Go9g(RH), from whence

require that the ion (R) and precursor(RH) be well-

the enthalpy of deprotonation is extracted. We can write albehaved molecules. If so, then EA9) will furnish the bond
expression that relates the acidity, the bond energy, the IP gfissociation energy,Do(RH). Since both HCCN and

H atom, and the electron affinity,

A acidH208 RH) = DHg RH) + IPogg(H) — EAed R).
(A4)

Kirchhoff’s law®’ provides the enthalpy at any temperature

via the integrated heat capacitied;H(R)=A:Hk(R)
+/dT Cy(R). Thus we can write the ionization potential as

IPoog(H) = lPOK(H)+f dT[Cy(H")—Cp(H)],  (A5)
and the electron affinity similarly

EA298(R)=EAOK(R)+f dT[Cr(R)—Cx(R7)]. (A6)
Consequently the expression AL Hoq RH) is

A acidH298 RH) = DHog( RH) +{IPok (H)

+ f dTCp(H™) — Cy(H) T} —{EAk(R)

+f dT[CL(R)—Cp(R) 1}, (A7)

IPo«(H) has been measured to be 109 678(I58m * and
negative ion photoelectron spectroscBpy measures
EAyk(R). Thus a working expression can be written

A acidH208 RH) = DHyg¢ RH) + 1Po« (H) — EAgk(R)
—j dT[Cp(R)—Cp(R_)—I—Cp(H)

—C,(H")1. (A8)

This is the expression quoted in Ervirt al,*® Berkowitz
et al,®® and Rienstra-Kiracofet al®® If both A ,¢iH,08( RH)

CH,CN perfectly ordinary species, théttH298 CH,CN),
EAo(HCCN), and [dT[C,(HCCN™)—C,(CH,CN)] will
produce Q(H—-CHCN).
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