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The absolute heat of formation at 298 K for ground-state triplet cyanocarbene, HCCN, has been determined

from a measurement of the chloride dissociation energy of CICH@Nalysis of the energy-resolved collision-

induced dissociation cross section as a function of center-of-mass collision energy in a flowing afterglow

triple quadrupole instrument gives a chloride dissociation enthalpy of #37 kcal/mol. Proton-transfer
bracketing experiments were used to determine a gas-phase adiHify of 357.7 £+ 2.0 kcal/mol for
CICH.CN. The heat of formation at 298 K for CIGBN was determined from collision-induced dissociation
of a series of protonated nitriles to be 25:53.8 kcal/mol. The chloride ion dissociation enthalpy and the
heat of formation and gas-phase acidity of CKCINl are combined in a simple thermochemical cycle to give
an absolute heat of formation for HCCN of 115t65.0 kcal/mol. High level theoretical calculations were
performed in support of the experimental study at the IG2GBS-Q (1), CBS-APNO (Il ), B3LYP/6-31G*
(IV), and B3LYP/6-311++G** (V) levels of theory. The compound methodis;lll , give predictions for
the acidity and heat of formation of CIGEN and for the heat of formation of the triplet ground state and

first excited singlet state of HCCN that are in good agreement with experiment. The density functional theory

predictions [V ,V) for these quantities are fair at best. The heat of formatioPHG&CN is used to derive
additional thermodynamic quantities including aB& bond dissociation enthalpy in GAN of 107.3+ 5.4
kcal/mol and a singlettriplet splitting for HCCN of 11.14+ 5.8 kcal/mol.

Introduction Negative ion photoelectron spectroscopy (NIPES) is often a
very powerful method for the investigation of the thermochemi-

Cyanocarbene (HCCN) is an important interstellar molecule cal properties of organic reactive intermediates, including

that is thought to be an intermediate in the formation of larger
polynitriles!? The triplet ground state of HCCN has been
verified by matrix ESR studies. In their initial papers, Bernheim
and co-workers reported zero-field splitting parameters;
0.849 cm! andE = 0 cmi'%, consistent with a linear allene-
like form for the triplet carbeng,whereas early theoretical

studies concluded that the bent form of the carbene was more

stable than the linear forfhThe disagreement over the actual
structure of HCCN continued for years with theory predicting
a bent structufe® and experiments suggesting a linear
geometry2~11 In the 1990s, Curl and co-workers seem to have
settled the argument by proposing a “quasi’-linear structure
based on measurements of the bending vibrational fre-
guencyt213

Despite the interest in the structure of the ground state of

HCCN, the thermochemical properties of cyanocarbene and its

isomers are not known experimentally, although theoretical
calculations have been reported. In conjunction with a neutral-
ization/reionization mass spectrometry study of HCCN, HNCC,

and HCNC, Schwarz and co-workers have mapped out the

potential energy surfaces for the cationic, neutral, and anionic
[H,C2,N] moleculest* The best theoretical prediction of the
thermochemistry for HCCN is from Francis€owho calculated

the heat of formation for the triplet ground state and the first
excited singlet state using G2 theory to be #12 and 126.5

+ 2 kcal/mol, respectively.

T william and Mary: jcpout@wm.edu.
* Deceased.
§ Purdue University.
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biradicals and carbené%and has been used extensively for
the investigation of the heats of formation and singteiplet
splittings in these species. The gas-phase reactivity of the radical
anion of HCCN has been examined by Grabowski and Mélly,
whereas HCCN and its isomer HCNC have been studied by
Nibbering and co-worker® Therefore, these ions are stable
and could be examined by using NIPES. Ellison and co-workers
have recently described the photoelectron spectrum of the
HCCN-™ ion and the HCNC isomer, wherein they investigate
the relative energies of the singlet and triplet states of the
carbened? However, direct determination of the singtetiplet
energy from the photoelectron spectrum of HCCHN chal-
lenging because of the large geometry difference between the
ion and the triplet carbene, and because triplet HCCN is a
“floppy” molecule that is not well described using harmonic
oscillator and rigid rotor approximations. On the other hand,
the transition from the ion to th&ingletstate of HCCN is nearly
vertical, such that a very accurate electron binding energy of
2.5184 0.008 eV is obtained for the singlet stafeThe heat

of formation of the HCCN ion can be calculated to be 68t

3.7 kcal/mol from the measured proton affinity, 343 kcal/

mol, reported by Grabowski and Melffand Matimba et al8

and the heat of formation of GiN.2%21 From this result and
the measured electron binding energy, the heat of formation of
theexcited-statesinglet carbene is found to be 126:73.7 kcal/
mol. Nimlos et alt® have also assigned an electron affinity of
2.014 + 0.010 eV for the triplet state, implying a heat of
formation of 115.1 3.7 kcal/mol and a singlettriplet splitting

of 11.6 kcal/mol, which is in good agreement with theoretical
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predictions. However, determination of the electron affinities A small fraction of the ions are gently extracted though a
of triplet carbenes is notoriously challengig?® and an small orifice in a nosecone into the triple quadrupole region of
independent measure of the triplet heat of formation is desired the instrument for either single-stage or tandem mass spectro-
to confirm the photoelectron assignment. metric analysis. Collision-induced dissociation is carried out
In recent years, Squires and co-workers have shown that heatsising mass-selected ions in the gastight, r.f.,-only quadrupole
of formation for ground-state carbeR&g’ and other reactive  (Q2) with either Ne, Ar, or Xe serving as the target gas. The
intermediate®~3! can be obtained using energy-resolved col- axial kinetic energy of the ions in the laboratory frame is
lision-induced dissociation. For example, the threshold enthalpy determined by the Q2 rod offset voltage, with the absolute
for collision-induced halide loss from a suitably choseha- energy scale determined by retarding potential analysis. The
locarbanion AHy, eq 1) can be combined with auxiliary pressure in the collision cell is measured with an absolute
thermochemical quantities according to eq 2 to derive a heat of pressure transducer. Product ions and un-reacted parent ions
formation for the carbene. In addition tdH+, determination are extracted into the third quadrupole for mass analysis and
of the are detected with an electron multiplier operating in single-ion
counting mode.
RCHX — RCH+ X~ (1) The gas-phase acidity of CIGEN was obtained from
bracketing experiments. CIGEBN was allowed to react with a

heat of formation of the carbene by using eq 2 requires the gas-series of reference base anions of known proton affinity.

phase aciditiesAHacid) and heats Observation of products corresponding to proton transfer
indicates that this reaction is exothermic and therefore that the
AH; 50 RCH) = AH; + AH,(RCH,X) + acidity of CICH,CN is greater than that of the conjugate acid

of the reference base. The reverse reaction in which CICHCN
is reacted with a series of reference acids is also carried out.
The results of these two sets of experiments are used to
of formation of RCHX and HCI. This approach has been shown determine the gas-phase acidity of CKTHN (see below).

to give reliable heats of formation for ground-state singlet  Energy Threshold Experiments.Details of the procedures
carbenes and biradicals, for which the dissociation from a singlet ysed for data collection and analysis of the energy-resolved CID
carbanion is spin allowetf:**2%Ground-state triplets have also  experiments have been presented elsewief&233In the
been examined. For example, Poutsma éf aheasured the  present experiments, the yield of product ion is monitored as a

AH;0(RCHX) — AH,iHX) — AH505(HX) (2)

heats of formation of methylene (G} vinylcarbene (Chi= function of the axial kinetic energy of the reactant i,
CH—CH), and phenylcarbene, {8:CH) by using three dif-  which was calibrated by a retarding potential analysis with the
ferent halocarbanion precursors, R&tiwhere X = Cl, Br, Q2 pole offset voltage serving as the retarding potential. An

and |. Dissociation energies were measured for each halocar-appearance curve is generated by plotting the CID cross section
banion, from whlch three independent values for t_he apparentyersus collision energy in the center-of-mass fraBg = Ejap

heat of formation for the carbenes could be obtained. In the (yy(m + M)), wherem and M are the masses of the neutral
cases examine#, good agreement was observed among the target gas and the reactant ion, respectively. Absolute cross
apparent heats of formation obtained from the three different sections were calculated in the thin target limit from= I,/
precursors, which was interpreted to mean that the halocarbanqN|, wherel, and! are the intensities of the product and reactant
ions dissociate in the adiabatic limit to form the ground-state jons, N is the number density of the target gas dnié the
triplet carbenes. Therefore, the energy-resolved CID approacheffective path lengtf?

can be applied to the determination of the heats of formation  The threshold for collision-induced dissociation is derived
of triplet carbenes as well. In this work, we applied the CID py fitting the appearance curves with a model function that

approach described above to the determination of the heat ofexplicitly takes into account the contribution of the reactant ion
formation of cyanocarbene. We obtained a heat of formation jnternal energy4-3¢ In this expressior, is the desired energy

that is in good agreement with that predicted by MO calcula- threshold,oy is a
tions. Moreover, by combination of the heat of formation for

the triplet state with the measured heat of formation of the singlet -6 Po(E,ET)[E + E — EJ"
from Ellison and co-worker¥ the singlet-triplet splitting in c=a ro ' A3)
the carbene was obtained. Last, we describe an experimental °,= E

determination of the heat of formation of chloroacetonitrile,
needed for the calculation of the heat formation of the carbene. scaling factor,n is an adjustable parameter amddenotes
rovibrational states having ener@y and populatiorg; (Zg =
Experimental Section 1). The rovibrational energy distributions of the reactant ions
were obtained from rotational constants and scaled vibrational
All experiments were performed on a flowing afterglow-triple  frequencies obtained from either semiempiféalr ab initio
quadrupole instrumert The pressure, flow rate and flow molecular orbital calculation®. The Pp term is the probability
velocity of the helium buffer gas weRye— 0.400 Torr,Fpe = that an ion having internal energl €+ E;) will dissociate within
190 STP cr¥s, and vqe = 9600 cm/s. For negative ion the experimental time window,(ca. 30us)2? and is estimated
experiments, hydroxide was created by electron impact ioniza- from RRKM calculations of the reactant ion decay rate as a
tion on a mixture of NO and CH in the ion source region of  function of internal energ§?4° Properties of the dissociation
the instrument located in the upstream end of the flow tube. transition states required for the RRKM analyses are generated
The chlorocyanomethyl anion, CICHCINwas produced by the  using the procedures described by Armentrout and co-wotkers,
proton-transfer reaction of OHwith CICH,CN vapors added  wherein a product-like structure is assumed. The appearance
through a downstream inlet in the flow tube. For the positive curves were fit by varyindgo, n, andog in an iterative manner
ion experiments, protonated nitrile cations were produced by so as to minimize deviations from the model function and the
chemical ionization with BO™ acting as the protonating agent. data in the steeply rising portion of the curve using the
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TABLE 1: Acid/Base Bracketing Results for CICH,CN2

HB AGqcidd forward reverse
CHs(C=0)CsHs 354.5+ 2.0 yes no
CH3CHy(C=0)C¢Hs 353.9+ 2.0 yes no
H(C=0)NH, 352.84+ 2.0 yes no
pyrrole 350.9+ 2.0 slow yes
CHCl; 349.94+ 2.0 no yes
(TMS),NH 349.0+ 2.0 yes yes
indene 346. 4 2.0 no yes
p-NO,—CsH4CHs 345.3+ 2.0 no yes

aForward: CICHCN + B~ — CICHCN  + HB Reverse:
CICHCN- + HB — CICH,CN + B~. ® Acidity values taken from ref
52.

CRUNCH program as developed by Ervin, Armentrout and co-
workers36:41.42During the fit, the trial functions are convoluted
with a Doppler broadening functidii, which accounts for
thermal motion of the target, as well as the kinetic energy of
the reactant, approximated by a Gaussian function with full
width at half-maximum of 1.5 eV, lab. Threshold energies
derived from the fitting correspona tO K bond dissociation
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Results and Discussion

In this section, we describe the determination of the heat of
formation of HCCN from energy-resolved CID threshold
measurements. The CID experiments with chlorocyanomethyl
anion are described first, followed by a description of gas-phase
acidity bracketing results. The last datum required to determine
the heat of formation of the carbene is the heat of formation of
chloroacetonitrile (CICKHCN). An experimental determination
of that quantity from energy-resolved CID of the protonated
nitrile is also provided.

The chlorocyanomethyl anion (CICHCINwas generated by
proton transfer between Otand CICHCN in the flow reactor.
In addition to the desired carbanion, a high yield of @las
also observed, presumably due to nucleophilic substitution.
Collision-induced dissociation of CICHCNwith Ar and Ne
target over the range-l0 eV (center-of-mass) gives Chs
the only observed ionic product. Measured cross sections as a
function of collision energy are shown in Figure 1. The
maximum cross section for the dissociations with Ar collision
gas are +2 A2 near 5 eV (c.m.). The energy-resolved cross

energies. The 298 K dissociation enthalpies are obtained bysections were fit with the model function shown in eq 3.

standard thermodynamic transformations.
Gas purities were as follows: He (99.995%), Ar(99.955%),
Ne (99%), NO(99.99%), CH (99%), Nk (98%). All liquid

Although RRKM effects were included in the fit, they do not
have a significant effect on the modeled dissociation energy
due to the small size of the reactant ion, and the relatively low

reagents were obtained commercially and used as suppliedthreshold for dissociation. The average threshold energy for

except for degassing prior to use.

Computational Details. Ab initio molecular orbital and
density functional theory calculations for singlet and triplet
HCCN, singlet and triplet CH CHs, CH3CN, CICH,CN, and
CICHCN~ were performed using the Gaussian 98W suite of
programs®® Optimized geometries and harmonic vibrational

frequencies were calculated using several different levels of

theory. Predictions for the heats of formation for triplet and
singlet HCCN were obtained from two different approaches.

The first was through the calculation of atomization energies

using the G2 theoretical method of Pople (methjfd and the
CBS-Q (1)*>and CBS-APNOI(l )*¢ methods of Petersson. The

eq 4

*CH, + CH,CN —*HCCN+ CH, @)

collision-induced chloride loss from CICHCNrom replicate
measurements was determined to be H84.11 eV, where

the uncertainty includes the standard deviation of the data, and
a 0.15 eV (lab) uncertainty in the absolute energy scale. This
value corresponds to a 298 K enthalpy of dissociation of 43.7
+ 2.5 kcal/mol.

The acidity of CICHCN was determined from acithase
bracketing experiments. Moderately basic anions such as
acetophenone enolate and pyrrolide deprotonate IO
while anions such as deprotonageditrotoluene and CGt are
not sufficiently basic to remove a proton. The results of the

. . ; . acid—base bracketing reactions are listed in Table 1. In addition
second approach was to use the isodesmic reaction shown No the

“forward” reactions of CICKCN with reference bases,
“reverse” bracketing experiments in which CICHCMN allowed

to react with reference acids were also carried out. The results
of these experiments are also shown in Table 1. Of particular
relevance is that CICHCNis observed to deprotonate (TMSH,

The 298 K enthalpy of reaction 4 was evaluated with methods and that (TMS)N~ deprotonates CICHCN. The fact that the

I—IIl , and also with the hybrid DFT methods B3LYP/6-31G*
(IV) and B3LYP/6-31%+G** (V).4748The calculated enthalpy

reaction is reversible indicates that the gas-phase acidity of
CICH.CN is nearly the same as that of (TMNH. From the

of reaction 4 is then combined with the experimental heats of results listed in Table 1, the gas-phase acidity for GICN is
formation at 298 K for acteonitrile, methane and singlet or triplet concluded to be between that of CH@hd pyrrole, and a value
methylene (Table 3) to give a prediction for the heat of of AGaiq = 350.0+ 2.0 kcal/mol is assigned. The quantity
formation at 298 K for HCCN. All optimized structures were AHacigcan be obtained fromGgcig by the addition of a I\S,cig
verified to be minima from the absence of negative eigenvaluesterm. The entropies of CIGH€N and CICHCN were estimated

in the Hessian matrix. Thermodynamic information was obtained from the molecular constants obtained from calculations at the
from scaled vibrational frequencies with scaling factors taken B3LYP/6-311+G** level of theory to be 68.3 and 68.2 eu,
from Scott and Radortf respectively, which, when combined with the entropy of a proton

TABLE 2: Thermochemical Data Used to CalculateAH; ;95(CICH,CN)?

R= CH3 C2H5 C2H3 CsHs t-C4Hg
DHagg(R"—CNH)? 5.11+0.10 3.28+ 0.05 3.98+ 0.05 4.03+ 0.04 2.07+ 0.06
PA(RCN) 186.2 189.8 187.5 194.0 193.8
AHi20(RCN) 17.7+0.1 12.3 43.0 52.3 -0.79
AHy208(R™) 2618+ 0.1 215.6+ 0.5 261.8+ 3.0 265.5+ 3.0 169.9+ 0.9
AHg 205(CICH,CN)® 279+ 4.0 24.5+ 3.7 25.8+ 4.7 26.1+ 4.8 23.7+ 3.8

aValues in kcal/mol unless otherwise noted; all data as reported in réfi62V. ¢ Calculated using eq 6 with PA(CIGEBN) = 178.24+ 1.0
kcal/mol andAHs205(CH,CI*) = 230.6+ 2.3 kcal/mol.
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TABLE 3: Measured and Supplemental Thermochemistry

thermochemical property value reference
gas phase acidities
CICH.CN 357.7+ 2.0 this work
HCI 333.4+ 0.1 52
CH:CN 3729+ 2.1 52
CH.CN 374+ 3 17,18
bond dissociation enthalpies
NCCH-CI~ 43.7+ 25 this work
NCCH,—H 94.8+ 2.1 20,21
SNCCH-H 107.3+5.4 this work
INCCH-H 118.0+ 3.7 19
heats of formation
CICH.CN 255+ 3.8 this work
HCI —22.0+0.02 52
CH:CN 17.7£ 0.1 52
CH.CN 60.4+ 2.1 20
SHCCN 115.6+ 5.0 this work
IHCCN 126.7+ 3.0 19
3CH, 92.9+ 0.6 b
1CH, 101.8+ 0.5 c
CH4 —17.8+ 0.4 52
CH:CN 17.7£ 0.1 52
electron affinities (eV)
CH.CN 1.5444+ 0.013 19
SHCCN 2.05+ 0.27 this work

aValues in kcal/mol, unless otherwise specifiedleopold, D. G.;
Murray, K. K.; Stevens-Miller, A. E.; Lineberger, W. G. Chem. Phys.
1985 83, 4849.¢ Lengel, R. K.; Zare, R. NJ. A. Chem. Socl978
100, 7495.
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Figure 1. Cross sections for the formation of Clpon collision-
induced dissociation of CICHCNwith argon target as a function of

the center-of-mass collision energy. The solid line is the fully convoluted
fit to the data as described in the text.

(26 eu) givesASyig = 25.9 eu. The resulting value of
AHacid CICH.CN) is therefore 357.% 2.0 kcal/mol.

To use eq 2 to determine the heat of formation of HCCN, a
value for the heat of formation for CIGEN is needed. This
quantity was determined from collision-induced dissociation
experiments with protonated nitrile ions. Collision-induced
dissociation of protonated chloroacetonitrile carried out in Q2
with Ar collision gas gives CKCI* as the only product at low
collision energies, resulting from loss of HNC (eq 5). At high
energies, loss of chlorine atom (forming gENH™) is also

Poutsma et al.

) %™ o w'e
.".\ - o

cross section, A2
ey
@
s
®!
o
+

N
T

0 Lomanatitrumenn e . : : ‘ :
0 1 2 3 4 5 6 7 8

collision energy (c.m.), eV

Figure 2. Cross sections for the formation of @Ei* upon collision-
induced dissociation of CIC}NH" with argon target as a function
of the center-of-mass collision energy. The solid line is the fully
convoluted fit to the data as described in the text.

CICH,CNHT obtained by
CI-CH,CNH" —CICH," + HNC (5)

modeling the data using eq 3 is determined to be 229111

eV, which corresponds to a 298 enthalpy of dissocialtitizgs
(CICH,™-CNH) of 68.44 2.4 kcal/mol. The heat of formation
of CICH,CN is obtained by comparing the dissociation enthalpy
measured for the reaction shown in eq 5 with those of other
protonated nitriles for which the heat of formation of the initial
reactant is known (eq 6)

RC=NH' + CICH,” — CICH,C=NH" + R"  (6)

The enthalpy change for this reaction is the difference between
the dissociation enthalpies for CIGENH"™ and RCNH
(6DH20gRCNH*,CICH,CNH™)), which can be used to calculate
the heat of formation of CICKCN according to eq 7, where
OPA is the difference in proton affinities between CIgHN

and the reference, antiAH; 295(R™,CH,CI™) is the difference

in the heats of formation of the cation products

AH 565(CICH,CN) = 0PA(CICH,CN,RCN) —
SDH(CICH,CNH",RCNH") 4 0AH; ,04(CH,CI",R") +
AH; 205(RCN) (7)

The advantage of the relative approach outlined in eq 6 is that
it is possible to use multiple references, each providing an
independent measure of the heat of formation of GICN. In
this study, five nitriles were employed, withR CHs-, C;Hs-,
t-C4Hg-, CoH3-, and GHs-. Moreover, systematic errors intro-
duced during the threshold measurement will tend to cancel,
reducing the overall uncertainty. Last, the dissociation energies
for the protonated reference nitriles have been measured
previously using the same instrum&rand therefore are readily
available.

The differences in the dissociation enthalpies of the protonated
reference nitriles used in this work are summarized in Table 2.
Also included in Table 2 are the proton affinities and heats of

observed, but the cross section for this channel is about half of formation of the reference nitriles, and the heats of formation

that for chloromethyl cation formation at 12 eV. Cross sections
for formation of CHCI™ and CHCNH™ as a function of energy
are shown in Figure 2. The threshold energy for HCN loss from

of the product cations, R The chloroacetonitrile heats of
formation derived using these data along with PA(C}CN)
= 178.24 1.0 kcal/mol andAH 295(CH,CIT) = 230.6+ 2.3
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TABLE 4: Calculated Values for 298 K Heats of Formation for Singlet and Triplet HCCN, and Singlet—Triplet Splitting from

Atomization and Isodesmic Approache3

G2 CBS-Q CBS-APNO B3LYP/6-31G* B3LYP/6-31H-+G**
() (n () (V) V)

AHaon(3HCCNY 388.1 392.3 392.1

AHaon(*HCCNY 380.6 381.3 379.0

AHi 2063 HCCN) 119.5 115.3 115.6

AHi 205(*HCCN) 127.1 126.3 128.6

AHsinglet-Triplet 7.6 11.0 13.0

AHeq {SHCCNY -12.6 —145 —15.4 —21.7 -20.1

AHeq {'THCCNY -11.7 —11.5 -11.3 -18.3 —15.7

AHi 208 (GHCCN) 115.9 114.0 113.1 106.8 108.4

AH208(*HCCN) 125.8 126.0 126.2 119.2 121.8

AHsinglet-Triplet 9.9 11.9 13.1 12.4 13.4

2Values in kcal/mol® Calculated atomization enthalpy for the carbei@alculated enthalpy for the isodesmic reaction shown in eq 4.

kcal/moP%-52 are shown at the bottom of Table 2. A weighted
average of these data givéds,95(CICH,CN) = 25.5+ 3.8
kcal/mol.

Combining the acidity and heat of formation of CIgEN,
the threshold enthalpy for collision-induced chloride loss from
CICHCN-, and other supplemental thermochemistry from Table
3 gives a heat of formation for HCCN of 1156 5.0 kcal/
mol. Considering that all thex-halocarbanions examined
previously have been found to undergo adiabatic dissociation,
even in cases where the dissociations are spin forbiéfee,

andlll “6and are given in Table 4. The 298 K enthalpies for C,
H, and N were obtained from standard thermodynamic trans-
formations of tle O K energies reported by Poplé) (@nd
Peterssonl(,Ill ). Methodsl —III give predictions for the 298
K heats of formation foBHCCN of 119.5, 115.3 and 115.6
kcal/mol, respectively, all of which are in agreement with our
experimental determination of 11546 5.0 kcal/mol.

A similar approach was used to give predictions for the heat
of formation for IHCCN. The three compound methods give
predictions for the heat of formation &ICCN of 126.4, 127.9,

measured enthalpy is assigned as the heat of formation of theand 128.1 kcal/mol for—IIl , respectively. The agreement

triplet carbene®HCCN. This value can be combined with the
measured heat of formation of the singlet of 126:73.0 to
give a derived singlettriplet splitting for HCCN of 11.1+
5.8 kcal/mol.

Computational Results. Computational predictions for the

experimentally measured quantities described above were

between the methods is somewhat better for the singlet than
for the triplet, and all are in good agreement with the
experimental value of 126.F 3.0 kcal/mol*®

With predictions for the heats of formation of singlet and
triplet in hand, we can make predictions for the singkeiplet
splitting for HCCN from the atomization approaches (Table 4).

obtained from ab initio and hybrid density functional calcula- The G2 () theory prediction is the lowest at 7.6 kcal/mol.

tions. Cartesian coordinates, vibrational frequencies and derived

enthalpies at 298 K foPHCCN, HCCN, 3CHj,, 1CH,, CH,,
CH3CN, CICH,CN, and CICHCN obtained using methods-V
are available as Supporting Information (Tables-SB). Some

of these species have been studied previously using a varietyt

of theoretical methods. In most cases, only the total electronic
energy and occasionally zero-point corrections were reported
in the original papers. In addition, vibrational frequencies were
usually not listed and as such it was impossible for us to adjust
the 0 K energies to 298 K enthalpies. We have used the 0 K
energies from the literature (see references Table S1) and hav
adjusted these to 298 K enthalpies by standard thermodynami
transformations using scaled vibrational frequenties.

Heat of Formation of THCCN and SHCCN and S-T
Splitting. The heats of formation for singlet and triplet HCCN
were determined by using both molecular orbitati{l ) and
hybrid density functional I/ ,V) approaches. For the triplet
carbene, unrestricted methods, rather than restricted-open she
methods, were utilized. Spin contamination is more of a problem
in the molecular orbital approaches than for B3LYP. The
expectation values okS?> for SHCCN were 2.273, 2.264,
2.384, 2.057, and 2.054 for methddsV respectively. Francisco

c

Because G2 under-stabilizes the triplet, this value is somewhat
lower than the others, but is still within the experimental error
limits. The CBS [l ,1ll) methods give better predictions for the
heats of formation for both the singlet and triplet carbene and
herefore give more reliable predictions for the singleiplet
splitting of 11.0 and 13.0 kcal/mol, respectively.

Estimates for the heats of formation for triplet and singlet
HCCN were also obtained from isodesmic reaction shown in
eq 4. The enthalpy of the hypothetical dihydrogen transfer

deaction is calculated by using methodsV. The results of

these calculations are also shown in Table 4. The compound
methods (—IIl) give heats of formation of 115.9, 114.1, and
113.1 kcal/mol for3HCCN, all of which are in excellent
agreement with the experimental determination. The hybrid DFT
(IV,V) results of 106.8 and 108.4 are very low. Recently, the
B3LYP functional combination has been used extensively for
jihe calculation of molecular structures and energetic properties
of carbened>53-58 hiomolecule$?-%2 and molecules containing
metal§3-65 and third- and fourth-row aton?8:57In many cases,
including some of our previous carbene wébkt has been
shown to give results that are in reasonable agreement with

. . . . . . i 5,62,64 i i i
does not address spin contamination in his G2 study, and his€*Periment: However, in some casé$,including the

work focused more on the structure and spectroscopy of HCCN
than on its energetidsS. Spin contamination values for triplet
methylene are much smaller, 2.017, for all methods inves-
tigated.

Estimates for the heat of formation &#ICCN and'HCCN
and the singlettriplet energy difference are obtained from the
total atomization enthalpy obtained from methad$ 11 4°

HCCN—H + 2C+ N 8)

present study, B3LYP does not give satisfactory predictions for
the absolute thermodynamic quantities of interest with either
the minimal or extended basis sets.

Similar calculations were performed to give predictions for
the heats of formation fotHCCN. Heats of formation of 125.8,
126.0, 126.2, 119.2, and 121.8 kcal/mol were obtained from
methodd —V. As with the triplet, the compound methods~(

[ll') give excellent agreement with the experimental determi-
nation?® while the B3LYP methodsl{ ,V) give values that are
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TABLE 5: Calculated Values for AHaciq(CICH,CN) and
AH; (CICH,CN)2

B3LYP/ B3LYP/
G2 CBS-Q 6-31G* 6-311++G**
(1) () (V) V)
acidity 360.2 359.9  368.9 357.4
AHaon{CICH,CN)  566.6  569.3
AH (CICH,CN) 222 195

aValues in kcal/mol.

in fair agreement, at best, with the experimental heat of
formation.
Predictions for the singlettriplet splitting from the isodesmic

Poutsma et al.

H,C—C=N
l 94.8

H,
\ — .
/C—C-—N

H

107.4/ & 18.0
H\(;:‘C:I\.] /C—CEN

triplet singlet

Figure 3. Experimentally determined-€H bond dissociation energies
for the formation of singlet and triplet cyanocarbene from acetonitrile.

approaches were also made with values ranging from 9.9 kcalyajyes are in kcal/mol.

mol (1) to 13.4 kcal/mol ¥), all in excellent agreement with
experiment. It is interesting to note that although B3LYP over-
stabilizes both the singlet and the triplet, the singteplet
splittings are in accord with the compound methods and
experiment.

Gas-Phase Acidity and Heat of Formation for CICH,CN.
Predictions for the gas-phase acidity of CKCH\ were obtained
using methods, I, IV, andV and are given in Table 5. The
compound methodd (and Il') give predictions of 361.0 and

in cyanomethyl radical, the second-€l BDE in acetonitrile,
is calculated to be 107.& 5.4 kcal/mol.

It is instructive to compare the BDE for the formation of the
triplet with that for formation of the singlet. The enthalpies for
the C-H bond dissociation processes in acetonitrile are sum-
marized in Figure 3. As noted in the preceding section, th&lC
BDE in acetonitrile is 94.8 2.1 kcal/mol,~9 kcal/mol lower

360.4 that are in reasonable agreement with the experimentalthan that in methane. Of course, the difference in BDEs between

value of 357.7+ 2.0 kcal/mol. In some of our previous work,

methane and acetonitrile can be attributed to delocalization of

the gas-phase acidities of halomethanes were calculated usinghe electron onto the nitrogen. The measured BDE for formation

G2 theory?® The average deviation from the experimental
acidities for CHCl,, CH,CIF, and CHCJF, was only 1.1 kcal/
mol. In addition, Radom and co-workers have shown that G2
theory and CBS-Q give acidity values for @EN that are within
2—3 kcal/mol of experiment?

Whereas neither methd norV gave reliable predictions
for the heats of formation singlet or triplet HCCN, methdd
gives a reasonable gas-phase acidity for GICN of 357.4 kcal/
mol. MethodIV overestimates the acidity of CIGAN by over
10 kcal/mol. This is not surprising, as diffuse functions are
normally needed to properly treat anions.

Predictions for the heat of formation of CIGEIN were
obtained from the atomization energy method using methods
andll and are listed in Table 5. The CBS-Q prediction of 19.5
is ca. 2 kcal/mol lower than the G2 prediction of 22.2 kcal/
mol, both of which are lower than the experimental value of
25.5+ 3.7 kcal/mol. However, it has recently been shown that
the experimental heat of formation of iodoacetonitrile is also
4—5 kcal/mol higher than that obtained from G2 calculati¢hs,
and so the discrepancy with theory found in this work is not

of the triplet carbene from cyanomethyl radical is 10£.5.4
kcal/mol, very similar to the €H BDE in ketene, 105+ 2
kcal/mol>! The similarity between the two BDEs is consistent
with the valence bond structure of the cyanomethyl radical
shown in Figure 3, wherein the system has a ketenyl-like
structure with the unpaired electron more localized on the
nitrogen.

The bond dissociation enthalpy for formation of the singlet
state of cyanocarbene can be obtained from the heats of
formation ofIHCCN, CH.CN, and H to be 118.4 3.7 kcal/
mol, 11 kcal/mol higher than that for formation of the triplet.
The difference between the two BDEs corresponds to the
singlet-triplet splitting in HCCN, and can be understood by
considering the structure of the singlet shown in Figure 3. The
molecular orbital calculations indicate that the singlet, unlike
the triplet, is strongly bent with the electrons localized on the
divalent carbon. Therefore, to generate the singlet carbene, it is
first necessary to break a ketene-like—B bond in the
cyanomethyl radical, which would be expected to require about
108 kcal/mol, as in the triplet. However, formation of the singlet

unprecedented. It should be noted that both G2 and CBS-Q givealso requires an additional 10 kcal/mol to account for the

predictions for the heat of formation of GBIN 58 (AH; = 18.0
and 18.7 kcal/mol fot andll) and CHCI,**45(AH; = —18.1
and—19.1 kcal/mol forl andll) that are in excellent agreement
with experiment AH; (CH3CN) = 17.7 kcal/mol;AH; (CHs-

Cl) = —20 kcal/mol)?2 such that the origin of the discrepancy
is likely due to an incomplete description of the halogen-cyano
group interaction.

Derived Thermochemical Results.In this study, the heat
of formation ofSHCCN has been found to be 115t65.0 kcal/
mol by using CID threshold measurements with chlorocyano-
methyl anion. The experimental heat of formation of HCCN
can be used to derive additional thermochemical properties,
including the C-H bond dissociation enthalpy in cyanomethyl
radical. The heat of formation of the cyanomethyl radical is
60.4+ 2.1 kcal/mol, calculated by using the heat of formation
of acetonitrile of 17 kcal/mol and a-€H BDE of 94.8+ 2.1
kcal/mol (Table 3¥%21 From the measured heat of formation
of the triplet carbene determined in this work, the i€ BDE

stabilization of the radical that is lost when the electrons are
localized.

Because the heat of formation of the HCCId known, the
heat of formation of the triplet carbene measured in this work
can be used to derive the electron affinity. The enthalpy
difference between the heats of formation of the HCGbh
and the ground-state triplet carbene gives an electron affinity
of 2.05+ 0.27 eV. Ellison and co-workers estimate an electron
affinity of 2.0144 0.010 e\*° from the photoelectron spectrum
of HCCN~, which agrees very well with our indirectly
determined valué®
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