1H2+i'B+ M/ K :M2iB+ T°'QT2 iB2b Q7 i?2 7Q
*>LP BbQK2'b 7°QK # BMBIiBQ **a.UhV bi
JXJH /2MQpB+-JX 1H?Bv MB-J 'Bmb G2r2°

hQ +Bi2 i?Bb p2 ' bBQM,

JXJH /2MQpB+-JX 1H?Bv MB-J 'Bmb G2r2 2MxX 1H2+i'B+ M/K ;M2iB-
*>LP BbQK2' b 7°QK # BMBIiBQ **a.UhV bim/B2bX CQm M H Q7 *?2KB+
S?vbB+b- kKyyN- RjR UjV- TTXyj9jykX RyXRyejfRXjRdjkd8 X ? H@yyds¢

> G A/, ? H@yyd8yejk
2iiTh,ff? HO@mMT2+@mMT2KX “+?Bp2b@Qmp2 i2bX7" f
am#KBii2/ QM Rk LQp kyRk

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://hal-upec-upem.archives-ouvertes.fr/hal-00750632
https://hal.archives-ouvertes.fr

FleciE atdneEn BtiQ Gop Bids@HIW fofr 18d$iRS HELDNNCHi FRRHNIK/H
frafReB irltiE QCOML(VY ktRdigs& 6' 7 VWXGLHYV

OLUMDQD OODRKDRNGU(OKDR@EBQUL XV /HZHUHQ]

&LWDWLERKHP 38IV GRL

9LHZ RQIOWLWYI G[ GRL RUJ

9LHZ 7DEOH RI &K\WWQYWHM¥F®¥ DLS RUJ UHVRXUFH -&36% Y L
SXEOLVKHGEHWKBQ ,QVWLWXWH RI 3K\VLFV

@B haANfRIQED® oh @ RGP PWELRQ RQ - &KHP 3K\V

-RXUQDO +RKMSDIH MFS DLS RUJ

-RXUQDO ,QIRWR\BNLREOS DLS RUJ DERXW DERXWBWKHBMRXUQDO
7RS GRZQGB&RMWESY MFS DLS RUJ IHDWXUHV PRVWBGRZQORDGHG
,QIRUPDWLRQ IRWVWXWKFSEVDLS RUJ DXWKRUV

Downloaded 11 Nov 2012 to 129.132.209.87. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

IR


http://jcp.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1503947069/x01/AIP/Nvidia_JCPCovAd_728x90Banner_Oct24_2012/NVIDIA_GPUTestDrive_1640x400_static.gif/7744715775302b784f4d774142526b39?x
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Mirjana Mladenovi&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Mohamed Elhiyani&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Marius Lewerenz&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3173275?ver=pdfcov
http://jcp.aip.org/resource/1/JCPSA6/v131/i3?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://jcp.aip.org/?ver=pdfcov
http://jcp.aip.org/about/about_the_journal?ver=pdfcov
http://jcp.aip.org/features/most_downloaded?ver=pdfcov
http://jcp.aip.org/authors?ver=pdfcov

THE JOURNAL OF CHEMICAL PHYSICSL131, 034302 2009

Electric and magnetic properties of the four most stable CHNO isomers
from ab initio CCSDCf studies

Mirjana Mladenovi ,> Mohamed Elhiyani,® and Marius Lewerenz®
Laboratoire Modélisation et Simulation Multi Echelle, Université Paris-Est, MSME FRE3160 CNRS,
5 bd Descartes, 77454 Marne la Vallée, France

Received 14 May 2009; accepted 17 June 2009; published online 15 July 2009

Electric and magnetic properties obtained from CCBD aug-cc-pCVXZ X=T, Q, or 5
electronic structure calculations are reported for isocyanic acid, HNCO, cyanic acid, HOCN,
fulminic acid, HCNO, and isofulminic acid, HONC, in their ground electronic states. Comparison
of the theoretical results with the available experimentally derived values shows very satisfactory
agreement. The new data should be helpful for the identibcation of these molecules due to
characteristic hyperbne structure patterns in their microwave spectra. A brief discussion of the
electronic structure properties, based on the electric Peld gradients, Mulliken population analysis of
the total electron density, and molecular orbitals, is provided for the four CHNO isomers and the
related HCN/HNC system. @009 American Institute of PhysicDOl: 10.1063/1.3173275

I. INTRODUCTION tational molecular Zeeman effeciThe relation between the
spin-rotation and magnetic shielding tensors and the relation
Rotational microwave spectroscopy is a powerful between the molecular magnetic momegt and magnetic
means of studying free molecules. Microwave measurementsysceptibility tensors have been established by Flytfare.
yield precise data on rotational and centrifugal distortion  Atomic nuclei with nuclear spih  1/2 possess nonzero
constants, as well as, e.g., dipole moments and nuclear quagragnetic dipole moments and, thus, nonzero spin-rotation
rupole coupling constants. These quantities allow, in returngoupling constants. Atomic nuclei with nuclear spin1 are
the derivation of various types of molecular information, quadrupolar, due to a nonzero electric quadrupole moment
such as the equilibrium geometry and electronic structure.resulting from a nonspherical charge density distribution
Microwave data for a molecule of interest may additionally ithin the nucleus and are involved in nuclear quadrupole
lead to conclusions about the rotational-vibrational and/oknteractions The proton is, e.g., a spin-1/2 fermion and the
rotational-electronic coupling and to estimations of the re- §euteron a spin-1 boson. In other words, whereas hydrogen
lated interaction parameters. . and deuterium nuclei both have a nonzero nuclear spin-
Rotational transitions can exhibit hyperbne structure,siation tensor, only deuterium possesses nonzero nuclear

governed by the spin angular momentum. Characteristic hVQUadrupoIe coupling constants. Elongated nuclei possess

perbne structure patterns can be a key element in the ide”B‘ositive quadrupole moments.g.,“N and D and Rattened

pcation of unstable or low abundance species whose rotas clei negative quadrupole momenesg., 70 .
tional spectra are incomplete or masked by overlap with The hyperbne coupling constants depend on the electric

other spectra, a frequent situation in astronomical Survey%uadrupole moment and/or magnetic dipole. Hyperbne split-

The CbeNOr:somers built :rom thg four mos;_lmportant Et' tings due to nuclear quadrupole moments are generally more
oms of biochemistry are o pnme.lnterest n t IS context. Orprominent than those due to magnetic moments. The quadru-
molecules of zero electronic spin and orbital angular mo

t ; 4 electronic state. Fl dadas di ‘polar splittings are usually well resolved. The characteristic
mentum in a ground electronic state, Fly cussed n spectral bngerprint of thd=0 1 transition in molecules
detail the important magnetic interactions, measurable b

: . . o ith a quadrupolat=1 nucleus, such a¥N, is a group of
microwave resonance techniques. Rotational-electronic intefr Lee well resolved components with a 1:5:3 intensity ratio
actu_)ns, arsing _from the _|ntr|nS|c ngnseparablllty of eleC'Spin—rotation interaction typically leads to very small split-
tronic and rotational motions, contribute to the rotational

. ) . tings below the resolution of many microwave spectrometers
magnetic moment. In rotating molecules, the rotational mag- . : :

; ! Zand often appears as effective line broadening. Hyperbne
netic peld due to the motion of nuclear and electronic

L . : : goupling constants and their dependence on the molecular
charges may give rise to nuclear spin-rotation coupling an . . L . .
. Structure are considered in great detail in the classical micro-

magnetic shielding. Magnetic beld-electronic interactions in
. : ave spectroscopy book by Townes and Schawlow.
the presence of nonzero external magnetic Pelds contribute ) .
The nuclear quadrupole moment interacts with the sec-

to molecularg values and magnetic susceptibilitighe ro- L . S .
9 9 b ond derivative of the electrostatic potential, i.e., with the

electric peld gradient. Since the nuclear electric peld gradi-
@ Author to whom correspondence should be addressed. Electronic maibnt is an inner shell molecular property, decreasing with the

mladenov@univ-miv.fr. . . Lo
bEIectronic@maiI: elhiyani@univ-miv.fr. third power of the distance from the nucléUsjgnibcant

¢ Electronic mail: lewerenz@univ-miv.fr. contributions from electron correlation may be expected
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from the theoretical point of view. To obtain reliable resultsand HONC, respectively, deriving for the prst time precise
when calculating the electric Peld gradients, it is hence necground state spectroscopic constants for these two mol-
essary to have a basis set which describes the core electroasules.
as well as the valence electrons properdy least for the The four CHNO isomers are of considerable astrophysi-
nucleus in question in addition to an adequate treatment of cal interest, and are expected, most prominently HNCO, to
electron correlation. The nuclear quadrupole coupling conparticipate in interstellar chemistf§Isocyanic acid was brst
stants obtained from the related electric beld gradients maiglentiPed by Buhkt al* in the galactic center and by Rieu
thus serve as a sensitive indicator of the quality of the wav&t al”in external galaxies. Very recently, Knezal** made
function near the nuclei of interest. the Prst infrared observation of interstellar HNCI25 lines
Hyperbne interaction constants are nowadays obtainab@ the 4 band. Interstellar fuleinic acid was detected for
by means of moderab initio electronic structure methods, the Prsttime by Marcelinet al“"in dark clouds. After a brst
which employ quantum-mechanicdbrst-order and second- tentative detection of HOCN in Sgr BaH ,™ BrYnkenet
order perturbation theory to compute the necessary quantid- ~ Were able to identify interstellar HOCN in several-ad
ties. Theoretical results can assist experimental work in theiflitional regions in galactic center molecular clouds. Note

attempts to assign or conPrm observed spectra, and in tfiS© that Turnéf found detailed modeling of the hyperPne

search for unobserved molecular species. structure relevant for the determination of accurate abun-

In the present study, we concentrate on the hyperbngarlces of quadrupolar speciesg., those containingN

structure parameters of the four most stable CHNO isomer&nd/or D. In astronomlcal sources. .
These are isocyanic acid, HNCO, cyanic acid, HOCN, ful- Previous theoretical work on the CHNO isomers has ad-

minic acid. HCNO, and isofulminic acid. HONC. The four dressed the equilibrium structure, energetics, isomerization

. . aths, and effective rotational parameters, as reviewed

CHNO molecules were recently subjected to extensive thea- 456 ; . : .
. L o . . L efore’™ Regarding earlier theoretical results for electric

retical ab initio investigations concerning their equilibrium

: and magnetic properties, attempts can be mentioned to cal-
structures and energetlég.Thgre, we-fou-nd at.the all elec culate the electric beld gradients of HNCO at the Hartreeb
tron CCSDT level of theory in combination with large cor-

lati . b hat HOCN. HCNO. and HONG li Fock level?’ several post-HartreeBFock levété? and by
relation consistent asef that ' »an "Smeans of density functional methofsysed also to calibrate
24.5 kcal/mol 8577 cm' , 70.0 kcal/mol 24 467 cmtt ,

o nuclear quadrupole moments on experimental &t4.To
and 84.2 kcal/mol 29 464 cnt  above the most stable g phast of our knowledge, no othel initio calculations on

HNCO molecule. Harmonic frequencies computed at thejectric peld gradients and spin-rotation constants are avail-
CCSDT level of theory were reported for HNCO, HOCN, gpje in the literature for the CHNO family.

and HCNO in Ref4 and for HONC in Ref5. Key rovibra-

tional spectroscopic features resulting from a large amplitude

bending vibration were also discussedldditional informa ;. COMPUTATIONAL DETAILS

tion concerning the electric and magnetic features of the

CHNO family is provided in this work. The CHNO isomers Electron correlation has been accounted for by coupled

possess |arge electric d|p0|e moments of approximate|yluster calculations CCSD with full iterative treatment of

104 D*®7 their more precise values are found in the preseng;ingle and double excitations and perturbative correction for

report. This high polarity of the CHNO family facilitates triple excitations. DunningOs corr.elation consistent polarized

their spectroscopic observation. core-valence cc-pg:zVXZ and singly augmented aug-cc-
The CHNO molecules have been of longstanding chemiPCVXZ basis setS™ for X=T, Q, and 5 were employed.

cal interest since the 16th centfrfhe prst microwave ob  1he CCSDT values for the electric Peld gradients, dipole

servation of isocyanic acid due to Joretsal® goes back to moments, quadrupole moments, and nuclear spin-rotation

1950. Since then, the spectroscopic constants reported fGPUPIING constants were computed including all electrons in

HNCO, in addition to the effective rotational paramefé)rs, the correlation treatment.

also include the dipole moments, nuclear quadrupole interac- The Mamzy—gﬁustln—Buda.pest version of tAeEs 1l pro- .
tion constants for thé*N, D, and*’O nuclei, as well as the @M packagé™ was used in the present work. The electric

. o : 4 . Peld gradient tensors and other electric properties were com-
spin-rotation interaction strength constattt? The micro ) :
. ) Lo : puted by means of the analytical brst-order properties algo-
wave spectra of fulminic acid and several of its isotopic spe-. . g
. : . ) rithm, whereas the approach based on the gauge-including
cies were observed for the prst time by Winnewisser and X . i
5 . atomic orbital ansatz was employed for the determination of
BodenseH?® who also derived the oxygen nuclear quadrupole : . 6
: . Ehe nuclear spin-rotation tensors,
constant. The nitrogen and deuterium quadrupole constants
of HCNO were obtained by HYttnet al® in their study of
the r%tatlonal Zeema}n effect in HCNO and DCNO. Takashlm_ EQUILIBRIUM GEOMETRY
et al.”’ reported precise measurements of the dipole moment
of HCNO and its vibrational dependence. Regarding the The structural parameters used in the present work for
HOCN and HONC molecules, only two reports appear in thethe CHNO isomer family are depicted in Fit.. They were
literature, both of them very recent studies. Brynkeal'®  obtained in the all electron CCSD /cc-pCV5Z, CCSDT /
and McCarthy and Thaddelisneasured gas phase rotational cc-pCVQZ, and CCSIO /cc-pCVTZ calculations reported

spectra in the centimeter and millimeter regions of HOCNprevioust‘.‘*5
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FIG. 1. Structural parameters of HNCO, HOCN, HCNO, and HONC from the CT3&x-pCV5Z, CCSDT /cc-pCVQZ in parenthesesand CCSDT /
cc-pCVTZ in square bracketsalculations. The principal inertial axesb and the principal nuclear quadrupole axes , of the tensor N are shown
in addition to the dipole moment vector.

The three nonlinear HXYZ molecules possess a nearly The CHNO isomer family is isoelectronic with, e.g., car-
linear heavy-atom XYX chain, described by XYX bon dioxide, CQ, hydrogen azide, HY nitrous oxide, NO,
=172; D177 in Figl. With the hydrogen atom positioned and Ruoroacetylene, HCCF. The structural parameters of
off this axis, the two moments of inertig, and|l., are large these and some other related molecules collected in Table
and similar, being also much larger than the small moment oére introduced here for later reference. In this connection, we
inertia |, such thatA B C holds for the rotational con- may also notice that the Lewis structurd®N=C=0 and
stants. In consequence, HNCO, HOCN, and HONC are verHBDODC N are easy to write for isocyanic acid and cyanic
nearly prolate symmetric tops, with values for RayOs asynacid, respectively. Intuitive Lewis representations for ful-
metry parameter = 2Be AeC/ A C of 0.9994  minic acid and isofulminic acid, are, however, less obvious
HONC, 0.9995 HOCN, and 0.9997 HNCO . due to resonances between single and multiple bond struc-

For fulminic acid, a linear equilibrium structure depicted tures.
in Fig. 1 is obtained from the CCSD /cc-pCV5Zall cal-
culation. Note, however, that HCNO is nonlinear at the
CCSDT /cc-pCVXZall level for X 5, possessing a small V- ELECTRIC PROPERTIES
barrier to linearity of 2.2 ¢t and 23.4 crit for X=4 and The electric properties of the four most stable CHNO
X=3, respectivel)‘}. For the singly augmented aug-cc- isomers are summarized in Tablealong with available ex-
pCVXZ correlation consistent set of basis functions, HCNOperimental datd*™° including the recent results for HOCN
is found to be linear already at the quadrupléevel, with Ref. 18 and HONC Ref. 19 . The dipole moment compo-
structural parametersro HC ,ro CN ,ro NO given by nents ;, molecular quadrupole moment tensor;, and
2.0026,2.1912,2.273%, > For the aug-cc-pCV5Z ba nuclear quadrupole coupling tensorg N ij D, and
sis, we previously obtaine®.002@y,2.189%,,2.272%, . i "0 were determined by means of the all electron
We refer to Refs4 and5 for more details on converging the CCSDT /cc-pCV5Z approach at the respective CCED
equilibrium structure of HCNO to the linear arrangement. cc-pCV5Zall equilibrium geometries displayed in Fid.
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TABLE |. Structural parametersn a, and degreesand nuclear quadrupole The molecular quadrupole moment is given by a trace-
coupling constants,, *N and ,, D in MHz of some molecules related less second rank tensor. for which + —e holds.
to the CHNO isomer family. - ) ' aa’  bb’ cc
For fulminic acid, we also have p,= .= a4/2 and
a=0 due to the linear-molecule constraint. As seen in
Table Il, the constant ., is negative for the nonlinear
HCN reC N 2.186 37 CHNO isomers. Its positive sign for HCNO is primarily due

Molecule Quantity Value Ref.

re CEH 2.008 87 to a large distance,, between hydrogen and the molecular
HNC :e SE i‘ggz 22 center of mass. In Figl, the cc-pCV5Z value fody of
N,O r: NO 2:238 39 4.327a, for HCNO is to be compared withll, of 3.713,
co, r,C=0 2196 37 3.277, and 3.15%, for HNCO, HOCN, and HONC, respec-
HN, ro HN . 1.918 40 tively.
HNN 108.8 40 The experimental value for ,, of HCNO was derived
NNN . 171.3 40 by HYttneret all® from the susceptibilities estimated in a
HCCF ro COH 2.004 41 microwave and rotational Zeeman effect study. This study
HCN aa N 4.709 42 has also shown that the rotational Zeeman effect in the
aa D 0.194 43 ground vibrational state of HCNO is adequately described on
HNC aa N 0.264 44 the basis of a linear-molecule model.
aa D 0.262 44
NNO aa N 0.774 45
aa N 0.268 45
HCCF aa D 0.211 46 A. Nuclear quadrupole coupling constants
14
NN :: 14E ‘112: 2; The nuclear quadrupole coupling constapts the spec-

troscopic measure of the interaction between the nuclear
quadrupole momen® and the electric Peld gradieqf. At
the site of a speciPc nucleds the relationship between;

For fulminic acid, the results of the all electron singly aug- o
andg; is given by

mented CCSDI /aug-cc-pCV5Z calculations are addition-
ally shown. Note that the theoretical data in Tableorre- i A=eQAlh g A, 1
spond to a vibrationless situation.

The principal axes of the moment-of-inertia tensor arewheree is the proton electric charge ahdPlanckOs constant,
commonly denoted by, b, c. For the four CHNO iso- such that
mers, the inertiah axis lies rather close to the nearly linear
heavy-atom XYX chain, as readily seen in Fig.There, the

angle a,rxy between thea axis and the bond distance The glectric beld gradient tensqrand the nuclear quadru-

i A MHz =2.34964Q A fm? q; Ey/aj . 2

Vectorryy Qiffersll;rom 0i or 180; by at most 7;. pole coupling tensor are both symmetric and traceless, i.e.,
_ Ta_lkashlet al”’ reported the dipole moment for several D;i+Dj;+Dy4=0 andD; =D for D=q or
vibrational states of HCNO from CQOlaser microwave In Egs. 1 and 2, the electric beld gradient tensor

double resonance spectroscopic measurements. The anomRgmponentsy; are computed brst. The theoretically derived
lous vibrational dependence of was explained by the an- clear quadrupole coupling constants are obtained

harmonic HCN bending potential and studied by means of gy, q; by multiplication with the known spectroscopic

simple model, giving an estimate for, 0f 3.350 0.022 D pclear quadrupole moments. In the case of the CHNO
1.31&g atthe linear conbguration. The ground vibrationaliggmer family, the quadrupolar nuclei are IB1

state value was derived to be 3.099 348.000065 D 14\ =1 and!’O 1=5/2 possessing the nuclear quadru-
1.21%4, ;" to be compared to 3.060.15 D obtained pole mo,mentsQ D =0.286 fr? 0 N =2.044 f?, and
from earlier Stark effect measuremefitdlote that the equi Q 10 =+2.558 fm? as given b)’/ a Oyear—ZbOBO cc;mpilation
librium estimate of Takashét al*’ is listed for aOf HCNO  4,e 1o Pyy.kké‘fB '

in Table ll. The other experimental data correspond, how-

ever, to the ground vibrational state. the eigenvalues , ,and , chosen such that is

The microwave and millimeter wav?zspectroscopic Studythe major principal component of the quadrupole tensor
of HNCO carried out by Hockingt al.”“ gave molecular 4.4

dipole moment components , and |, of 0.62Cg and

0.53%4q,, respectively. Based on electrostatic arguments, . 3

supported by several theoretical studies from that time

Hocking et al!? concluded that , has a negative sign and
, & positive sign in the inertial axis system shown in Fig. 6t€"

of Ref. 12. Since the latter axis system transforms upon - . /. 4

b b into the axis system displayed for HNCO in Fify.

the experimental results for, and , of HNCO are both Nonzero values of indicate a deviation from a cylindrical

given with a negative sign in Tablé, as appropriate for our charge distribution around the quadrupole axif\s seen in

description of the internal molecular geometry. Table ll, cyanic acid exhibits the highest asymmetry at the

The principal inertial axis tensor is diagonalized to give

For the latter convention, the quadrupole asymmetry param-
is introduced as
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TABLE II. Dipole moments ; in eg, , quadrupole moments;; in eg , and nuclear quadrupole coupling constants“N , ; D ,and ;; 'O in MHz ,
computed at the CCSD /cc-pCV5Z level of theory. For HCNO, the CCSD/aug-cc-pCV5Z results are also shown. All calculations have been carried out
at the respective CCSID / aug-cc-pCV5Z equilibrium geometries. The principal inertial axes are denoted Hy, c and the principal quadrupole axes by
., , . The angle between the inertialaxis and the quadrupole axis is abbreviated with ,a , whereas a,ryy stands for the angle between tae
axis and the bond distancgy =ry* ry. At the deuterium site, the angle between thaxis and the bond distancgy=rp* ry is ,Ipx - For the dePnition
of the quadrupole asymmetry parametersee the main text and Ecd . The abbreviations CV5Z and aCV5Z stand for the basis sets cc-pCV5Z and
aug-cc-pCV5Z, respectively. The superscript given along with the experimental values indicates the appropriate reference and numbers in parentheses give the

uncertainties in units of the last digits.

HNCO HOCN HCNO HONC
Property CvsZ Expt. CvbsZ Expt. CvbsZ aCVv5sz Expt. CvsZ Expt.
X 0.606 0.62¢' 1.370 1.314 1.323 1.318" 1.229
b 0.546 0.53F 0.613 0.607
an 0.513 2.025 2.447 2.450 229 2.203
bb 0.935 2.099 1.223 1.225 2.217
b 3.047 3.271 3.079
aa N 2.114 2.052710° 2.872 2.913337° 0.294 0.296 0.245 9 3.225 3.2674"
oo N 0.556 0.4737°% 2.076 0.147 0.148 1.854
a BN 1.080 0.104 0.473
e BN 1.559 1.5837°2 0.795 0.147 0.148 1.371
N 2.496 2.874 3.268
N 1.559 2.079 1.897
N 0.938 0.795 1.371
,a 160.5 1.2 0.0 0.0 174.7
a,fyy 5.6 31 180.0 180.0 4.9
N 0.249 0.447 0.0 0.0 0.161
aa D 0.050 0.056%4 ° 0.050 0.05012° 0.225 0.225 0.1905¢ 0.057 0.0638
by D 0.092 0.217 0.112 0.112 0.229
an D 0.204 0.164 0.141
D 0.142 0.167 0.112 0.112 0.172
D 0.276 0.295 0.287
) 0.142 0.167 0.172
D 0.134 0.128 0.115
a 48.0 46.97 ¢ 64.6 0.0 0.0 67.7
a,ryy 7.1 4.5 0.0 6.3
b 177.0 177.3 0.0 177.4
D 0.031 0.132 0.0 0.0 0.201
aa O 3.210 3.27624¢ 8.374 13.027 13.019 12.3112" 14.515
e} 0.180 0.17613¢ 1.427 6.514 6.509 0.388
a 'O 0.328 3.772 2.440
e YO 3.391 3.4527¢ 9.801 6.514 6.509 14.127
o 3.391 10.028 14.905
o 3.245 9.801 14.127
o 0.145 0.227 0.777
.a 173.9 156.3 0.0 0.0 170.9
a,ryy 5.6 3.0 180.0 4.8
g(e] 0.914 0.955 0.0 0.0 0.896
aReferencel2. Referencel 7.
PReferencel 1. 9YReferencel 6.
‘Referencel3. "Referencels.
:Reference1_4. iReferencelo.
Referencel 8.

site of both'*N and 'O and isofulminic acid at the site of pole axis perpendicular to the molecuéarb plane is easy to
deuterium. Especially large values are to be noticed at the identify in Tablell for the axis convention of Eq.3 . For

site of the'’O nucleus for the three nonlinear CHNO mem- 1“N, the axis is parallel to the axis for HOCN, HCNO,
and HONC, whereas the axis is the quadrupole out-of-
The position of the principal quadrupole axes with re-plane direction for HNCO, see Fid.and Tabldl. At the site

of deuterium, we additionally see that the deuterium quadru-
of the nitrogen quadrupole tensor'®N . Since the CHNO pole tensor is almost aligned with the direction of the bond

bers.

spect to the inertial axis frame is shown in Figior the case

isomers are planar, such that=0 for i=a,b, the quadru-

distance D-X vectorpy. Note also that Heinekingt a
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21 T T T aa N obtained by means of the cc-pCVQZ/geo5 and
cc-pCV5Z/geo5 calculations differ, however, by 10, 13, and
-2.2 1 23 kHz, respectively. In contrast, the singly augmented aug-
cc-pCVQZ/geo5 and aug-cc-pCV5Z/geo5 values for ful-
2.3 1 minic acid agree within 2 kHz.
Inspection of Tabldl shows a large negative,, N
2.4 1 only for HOCN, which is the only among the four CHNO
N isomers possessing a triply bound terminal N atom. In addi-
s 25 1  tion, HOCN has a positive .. N , opposite to HNCO,
z HCNO, and HONC, for which .. **N is negative. The
5 26 1 quadrupole constant,, N of HCNO is approximately
one order of magnitude smaller thag, **Nfor the nonlin-
2.7 1 ear HNCO, HOCN, and HONC species. The deuterium
qguadrupole coupling constant, D is positive for HNCO
2.8 1 and HCNO, whereas it assumes a negative value for HOCN
2872 MHz and HONC. Note that ,, D of HCNO is the largest among
29 | &P =-29133MHz 1 all ,,D in TableIl. The nuclear quadrupole constants
aa 'O at the oxygen site are all large and negative.
35 '3 :1 ; Different molecules, possessing a similar electronic en-
X vironment around a nucleus in question, will have similar

nuclear quadrupole coupling constants. The quadrupole con-
FIG. 2. Variation of the nuclear quadrupole coupling constagt**N of stants ,, 14N and aa D of several molecules related to

cyanic acid, HOCN, with the basis set cardinal number X of the base cc- . . . .
pCVXZ. The calculations are carried out at the basis set optimum geomthe CHNO isomer famlly are listed in Table There, for

: LT 14 ;

etries gege, and at the quintuple optimum geometryeo5. The experi-  INstance, a large negativg, "N value of 4.709 MHz is

mental bndingRef. 18 for ,, N is indicated by the horizontal line. seen for HCN, whereas nitrogen bound to hydrogen irs HN
is attributed a large positive,, *N value of 4.85 MHz.

estimated the angle ,a between the axes and a as These data may be compared to the nitrogen quadrupole con-
46.9 0.7j for DNCO, which agrees nicely with our value of Stants of 2.872 MHz for HOCN and 2.114 MHz for
48 in Tablell. HNCO. The constant 5, N of 0.264 MHz for HNC is

The theoretical nuclear quadrupole coupling constants i§omparable with ., **N of 0.294 MHz for HCNO, but
Tablell agree quite well with the few available experimen- much smaller than ,, N of 3.225 MHz for HONC. In
ta”y derived values. Agreement within approxima‘[e|y addition, the deuterium quadrup()le constant of 0.225 MHz
60 kHz is seen for the results at the site’8. While the ~ obtained here for DCNO differs by +31,37, and +14 kHz
theoretical and experimental data fog, D agree within from the ,,D value for DCN 0.194 MHz, DNC
6 kHz for the nonlinear CDNO isomers, we see a deviation0-262 MHz, and DCCF 0.211 MHz, respectively. One
of approximately 35 kHz for DCNO. Note, however, a com- May note that HYttnest al *° making use of the semiempir
paratively large experimental error of 25 kHz for, D of  ical interpretative theory of Townes and Daifé$ have
HCNO. In the case of’O, the agreement is within 60 kHz Shown in simple terms that the nitrogen quadrupole coupling
for HNCO and 0.7 MHz for HCNO. In the CHNO family, constant becomes negative in the presence of a lone electron
vibrational averaging is expected to play a more importanfair and assumes a positive value after removing the lone
role for HCNO and HNCO due to a large amplitude bendingpaif population. For some related results on the electronic

motion involving hydrogert:*° structure properties of the CHNO family, see Sec. VI.
In Fig. 2, we show the variation of the nitrogen nuclear ~ The nuclear quadrupole coupling constants N
quadrupole coupling constant,, **N , of HOCN with the ~_j D, and j ~'O reported in Tabldl are computed for

basis set cardinal number X. The upper curve is computed afCH'N*°0, **CD*N*0, and CH'N''O, respectively.
the geometries geq optimized separately for each of the Their values for other isotopic species differ from those
cc-pCVXZ basis set members. The second series of calcul&@iven in Tablell only due to the change in the inertial axis
tionS, shown by the lower curve, is carried out ¥6£2D5 at system upon iSOtOpiC substitution. For instance, the CDNO
the optimum quintup|e geometry ge05_ The structural parami.nertial axis frame is related to the CHNO frame by a small
eters employed were optimized previou$iAs seen in Fig.  rotation of approximately 1.5, giving nitrogen quadrupole
2, ;; "N decreases monotonically upon increasing X, as€onstants ,, YN of 2.169, 2.863, and 3.197 MHz for
suming a value of 2.872 MHz at the quintuple level. The DNCO, DOCN, and DONC, respectively. These results dif-
cc-pCVQZ/ geq,, result of 2.864 MHz deviates, thus, by fer from the respective ., N values of HNCO, HOCN,
7 kHz from the corresponding quintuple value, whereas weénd HONC in Tabldl by 22 of +55, +9, and 28 KHz,
found a difference of only 0.2 kHz between the cc-pCvQz/Where
geo5 _an_d cc-pQVSZ/geoS results. _ f;’: ..CDNO * . CHNO. 5
Similar basis set convergence tests were also carried out _
for the other three members of the CHNO family. For The theoretical differences 2y for nitrogen compare nicely
HNCO, HCNO, and HONC, the quadrupole constantswith the experimental values S of +54, +7, and 29 kHz,
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derived from the experimental CHNO and CDNO Pndingshave one diagonal spin-rotation const@atdiffering in sign
for HNCO*> HOCN*® and HONC®® respectively. from the other two. Under these circumstances, the rotational
The inertial axis system of linear HCNO is not affected magnetic Peld may vanish for certain orientations, giving

by deuterium substitution, such thag, N assumes the rise to a logarithmic singularity in the resonance sh?fpe.

same value of 0.294 MHz in HCNO and DCNO. Note also that the magnitude of the spin-rotation components
C,aH andC,, H of the nonlinear CHNO isomers are no-
ticeably larger than all other contributions. In molecular sys-

V. MAGNETIC PROPERTIES tems containing quadrupoldN and magnetic H, like in the

The magnetic dipole moment of a nonzero spin nucleu§@se of HNCO, terms involving hydrogen spin are el
interacts with the magnetic beld generated by the overafi€Solved dsﬂe to the much stronger nitrogen quadrupole
molecular rotation, causing thus additional splittings in thelntéractions.

rotational spectra. This interaction is described by the so- From splittings of the rotational stateylin mo!ecullalr
called nuclear spin-rotation constar@g. The nuclear con- beam microwave spectra of isocyanic acid, Kukolgtal.

tribution to C; is determined by the molecular geometry derived nitrogen spin-rotation interaction strength constants
only, whereas its electronic contribution is given by the secCn lon 0f 0.50 0.2 kHz and 0.55 0.2 kHz for HNCO
ond derivative of the electronic energy with respect to@nd DNCO, respectively, and the deuteri@iy 1o, value of
nuclear spinl and rotational angular momentuth* The 076 0.1 kHz. Since DNCO possesses two quadrupolar nu-
nuclear magnetic shielding tensor describing the interac- Cl€l, the interaction parameters of DNCO were obtained by a
tion arising from an external magnetic Pdidis dePned by ~WO-Step procedure using the appropriate coupling scHeme.
the second derivative of the electronic energy with respectto FOr & given rotational staté y,, the spin-rotation inter-
the nuclear magnetic momem and B.* The tensor is  action strength constar€ Ji « ~ is related to the spin-
commonly summarized in terms of the isotropic nuclearrotation tensor componen; after rotational averaging by
magnetic shielding i, dePned by <= ot oo+ o /3, the expressioh™
and the shielding anisotropy , introduced as =
* oot 3gf/2for 41 2 sa 5

The nuclear spin-rotation constants form a second rank  C Jx x, = CygJg /3 I+1, 6
tensor, characterized §y; C;; fori j, wherei, j refer to g=ab.c
the principal inertial axea, b, c. For the nonlinear CHNO

species, lying in the molecular b plane,Cic=0 also holds here J2 is the average value of the square of the rotational

v;/]hem:a,b: qur HCNIO,_?EC(zmmon (;‘or ITear rr:’nolegules, angular momentum componedy in the direction of the in-
the tensoC is diagonal WithCp,=Cec andC,,=0, whereals o ia) axisg=a, b, c. For a prolate top with the symmetry axis
the symmetry axis, as seen in FiQ. alonga, it follows

The magnetic properties calculated in the present work
are collected in Tabldll. There we show the nuclear mag-
netic shieldings s, and anisotropies , as well as the total 32 =K2
nuclear spin-rotation tensa® for each of the four CHNO a
isomers. The results of Tabld were obtained by all elec-
tron CCSDT correlation calculations, carried out at the re- 5 5 5
spective aug-cc-pCV5Z optimum geometries using the Jp =3 =JJI+1 - K;/2, 7
basis sets cc-pCVQZ and cc-pCVTZ. The values obtained
with the help of the aug-cc-pCVQZ and aug-cc-pCVTZ

L . such that

bases are also shown for the fulminic acid molecule. Among
the four C,H,N,O atoms of the parent”?CH¥N®0
molecul_es, only hydrogerj and nitrogen possess nonzero ~ 1oy = Cpp+ Coe/2=C 8
magnetic momentsm, with mH =+2.792 847 and
m N =+0.403 761  where  is the nuclear magnetdt.
In addition to**CH N0 used to compute the spin-rotation for the rotational statel. Since HNCO is a nearly prolate
tensors for nitrogen and hydrogen, in Tablewe also sum- symmetrictop  *1 , use of Eqg. 8 yields the theoretical
marize the spin-rotation tensors at the carbon site and at thestimate for C 15, of 0.62 kHz for nitrogen and of

oxygen site, determined forCHN®0 and *>CHNO, 0.79 kHz for hydrogen, see Tablk. Additional CCSDT
respectively. Here,m °C =+0.702 412, and m 0 calculations carried out for DNCO have revealgd 15, of
=¢1.893 80 N.51 0.58 kHz andCp 1,; of 0.11 kHz for this species. As

Comparison of the triple and quadrupleesults of Table seen, the theoretical values 6 15, of HNCO and DNCO
Il shows convergence within 5 ppm foks, and . The  are in excellent agreement with the experimental Pndings of
components of the spin-rotation tensor are converged withitkukolich et al** However, the experimental and theoretical
0.09 kHz for the nitrogen center, 2 kHz for hydrogen, results for the deuteriur®y 1y5; constant differ and are of
0.33 kHz for carbon, and 0.56 kHz for oxygen. different signs.

In Table Ill, HNCO at the nitrogen site, HOCN at the It is worthy noting that the HNCO and DNCO results for
carbon site, and HONC at the nitrogen and hydrogen sitethe spin-rotation strengths are related by
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in ppm, and total spin-rotation tensor compone@s in kHz

from the all electron CCSOX  calculations at the respective CCIDY aug-cc-pCV5Z optimum geometries. The basis sets cc-pCVXZ and aug-cc-pCVXZ

are abbreviated with, respectively, CVXZ and aCVXZ for X=T and Q. The paran@#tands for C,,+C,,+C.. /3 andC for C,,+C.. /2.

HNCO HOCN HCNO HONC
Atomic center™N CcvQz CVTZ CcvQz Yap4 cvQz aCcvQz acvTz cvQz CVTZ
iso 242 243 94 96 60 60 63 94 97
158 156 354 350 439 439 434 391 387
Caa 1.54 157 3.85 3.86 0.69 0.67
Cup 0.77 0.76 1.47 1.46 2.00 2.00 1.97 1.74 1.72
Cee 0.47 0.46 1.69 1.68 2.00 2.00 1.97 1.62 1.60
Cha 0.18 0.18 0.00 0.00 0.13 0.13
Cab 12.14 12.05 0.57 0.63 0.69 0.61
c 0.10 0.11 2.34 2.33 1.33 1.33 1.31 0.89 0.88
c 0.62 0.61 1.58 1.57 2.00 2.00 1.97 1.68 1.66
HNCO HOCN HCNO HONC
Atomic center H CVvQz CVTZ CVvQz CVvTZ CvQz aCvQz aCVvTz CvQz CVTZ
iso 29 29 28 28 29 29 29 26 26
18 18 20 20 17 17 17 16 16
Caa 56.01 57.19 64.36 66.20 63.88 65.56
Cup 0.27 0.28 0.06 0.07 1.24 1.25 1.26 0.38 0.37
Cec 1.30 1.32 1.22 1.25 1.24 1.25 1.26 1.23 1.26
Cha 0.88 0.88 0.58 0.59 0.69 0.69
Cab 45.21 46.10 31.22 32.01 26.16 26.84
c 19.20 19.60 21.88 22.50 0.83 0.83 0.84 21.58 22.15
c 0.79 0.80 0.64 0.66 1.24 1.25 1.26 0.43 0.45
HNCO HOCN HCNO HONC
Atomic center*C cvQz CVTZ cvQz CVTZ acvQz aCvTz CcvQz CVTZ
iso 55 59 81 84 173 175 79 82
323 319 309 304 164 161 287 283
Caa 21.00 20.67 1.19 1.02 6.31 6.26
Cup 4.99 4.90 4.43 4.36 2.26 2.20 4.29 4.22
Cee 5.11 5.02 4.25 418 2.26 2.20 4.50 4.42
Cha 0.72 0.71 0.05 0.05 0.08 0.07
Cab 0.01 0.01 1.44 1.34 7.25 7.01
c 10.37 10.20 2.50 2.50 1.51 1.47 5.03 4.96
c 5.05 4.96 4.34 4.27 2.26 2.20 4.40 4.32
HNCO HOCN HCNO HONC
Atomic center’O CVQz CVTZ CVQz CVTZ aCVvQz aCvTz CcVvQz CVTZ
iso 194 195 308 309 222 222 217 218
266 264 99 98 296 293 215 215
Caa 32.98 33.28 21.30 20.91 25.56 25.48
Cp 2.00 1.98 1.01 1.00 2.44 2.40 2.47 2.47
Cec 2.95 2.93 0.87 0.85 2.44 2.40 1.80 1.78
Cha 0.42 0.44 0.01 0.01 0.01 0.00
Cap 3.64 3.46 14.19 13.87 12.52 11.96
C 12.64 12.73 7.73 7.59 1.62 1.60 9.94 9.91
c 2.47 2.45 0.94 0.93 2.44 2.40 2.13 2.12
CRNCO= gDINCO/BHNCO CHNCO and deuterium, i.e., y=2mH p=mD, using
m D =0.857 438 2 . The effective constanB,4 computed
DNCO _ DNCO;rHNCO HNCO . .
Co "= Beii /Bt of HCH 9  fromthe CCSDT /cc-pCV5Z optimum geometry of Figl

where By stands for the average valuB+C /2, whereas

y and
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accuracy of the derived spectroscopic parameters and can BEONC readily correlate with7a ,8a ,9a of HNCO. The
used to estimate the parameter values for other isotopic sperbitals 7 *and 1 ,,1 , of HCNO correlate with respec-
cies from the data collected in Tahli. tively 9a and 7a ,8a of HONC. In other words, hydro-
For comparative purposes, we additionally give ourgen migration from HNCO to HOCN and hydrogen migra-
CCSDT /aug-cc-pCVQZ results for the nuclear spin- tion from HCNO to HONC is followed by reversal of the
rotation coupling constantsC,,Cy of hydrogen cyanide position of one -like and one -like orbital, such that the
and hydrogen isocyanide, obtained to be4.71, 9.91 kHz -type orbital lies above the -type orbital in the more en-
for HCN and  4.69, 6.55 kHz for HNC. A comparison of  ergetic HOCN and HONC. A similar effect of molecular or-
the latter results with th€ values for the CHNO family in  bital ¢ reordering occurs also in HCN HNC, as seen in
Tablelll shows that the hydrogen constants assume negativeig. 5. The orbital 5 * is energetically below thel ,1
values and the nitrogen constants positive values for botbrbital pair in the case of HCN, whereas the opposite situa-
HNC/HCN and CHNO systems. Their absolute values areion with 5 * being above 1 ,,1 y characterizes HNC.
different due to different rotational constants among otheNote that Figs3Eb of the present work were drawn with the
effects. help of the pre- and postprocessing progmalmDEN.58
Regarding HCN/HNC, the experimentally derived  The common feature of the moleculadike orbitals 7
ground vibrational state values for Cy,Cy are  of HNCO, 8 of HOCN, 7 * of HCNO, and @ of HONC
*4.35 0.05 kHz, 10.13 0.02 kHz for HCN Ref. 55 in these four HXYZ isomers is the promotion pf electrons
andCy of 7.15_1.09 kHz for HNC** More recent results ajong the moleculaz axis toward the terminal atorg, re-
of Bechtelet al>® for Cy given as 9.99 0.43 kHz for HCN  sulting in a prominent electron cloud @ as seen in Figs
and as 6.79 0.10 kHz for HNC are in even better agree- and4. The same is also true for the molecular orbital§ &f
ment with our Pndings. We may also note that our all elecHCN and HNC in Fig.5. In view of this, we may expect
tron CCSDT /aug-cc-pCVQZ equilibrium parameters, given |arger dipole moments for the more energetic HOCN and
by re HC =2.014@, andr, CN =2.181G@&, for HCN and by  HONC species than for HNCO and HCNO, as veribed with
re HN =1.881%; andre NC =2.2102, for HNC, are in ex-  the help of Tablel, yielding ~ HNCO =0.8164, versus
cellent agreement with the earlier theoretical restlts. HOCN =1.50%a, and HCNO =1.3143, versus
HONC =1.37%4g, from the CCSDT /cc-pCV5Z data.
The difference between the two values smaller for the
VI. ELECTRONIC STRUCTURE PROPERTIES HCNO/HONC isomer pair than for HNCO/HOCN may
readily be related to a smaller- energy separation in
The CHNO isomers possess planar equilibrium geomHCNO/HONC than in HNCO/HOCN. Further conbrmation
etries of trans type® For nonlinear HNCO, HOCN, and of this qualitative picture is provided also by HCN/HNC,
HONC in Cs symmetry, the referenceself-consistent Peld  where the dipole moment of 1.284, for HNC is to be com-
electronic conbguration is given by pared with o HCN of 1.18%4a, at the CCSDT /aug-cc-
core®4a 25a 26a 27a 21a 28a 29a 22a 2 pCVvQZ Ieyel of calculatipn.

Spherically symmetric closed shells produce zero aver-
where the core contributioria 2 2a 2 3a 2stands for the age Peld at the nucleus and hence do not contribute to the
three X-like core orbitals located on oxygen, nitrogen, andelectric peld gradierit Nonzero electric beld gradients, i.e.,
carbon, respectively. The linear HCNO molecule, describedhuclear quadrupole interactions, are primarily due to non-
by spherical charge distributions among e p,, andp, orbit-

coreb4 t25 t2g t27 +21 49 4 als, as put forward by Townes and Daif‘eq§.0 To gain further

' insight into the electron subspace of the CHNO family in

possesses two pairsl ,,1 , and 2 ,,2 |, of degener- simple terms, the results of the Mulliken population
ate orbitals. analysi§9 of the total CCSDT /cc-pCV5Z density by the

The molecular orbitals of nonlinear HNCO, HOCN, and individual basis function orbital type are summarized in
HONC are displayed in FigB, whereas the molecular orbit- Table V. The corresponding results obtained for HCN and
als of linear HCNO are found in Fig. The highest occupied HNC from the total CCSDI /aug-cc-pCVQZ electron den-
molecular 2 orbitals HOMOs of HNCO, HOCN, and sity are collected in Tabl®'. In these two tablesp, and p,
HONC and the orbital pair2 ,,2 , of HCNO are com- stand for the in-plang orbitals andp, for the normal-to-the-
posed essentially from the out-of-planp,2rbitals as well  plane functions. Note that the Mulliken population analysis
as Jy in the case of linear HCNOocated on O, C, and N. is used here only for qualitative purposes. Other electronic
The orbital contribution associated with oxygen in the HO-population analyses, such as a natural bond orbN&O
MOs can be interpreted as a lone electron pair in all fourapproacf’ or atoms-in-moleculesAIM approacﬁil may
cases. provide somewhat different electron populations.

The molecular orbitals depicted in Figdand4 for the Along the H-X-Y-Z chain in TabldV, the partial Mul-
four CHNO isomers are of similar shape, although withliken charges on the four atomi€,H,N,O centers are al-
somewhat different order on the energy scale. The latter aternating between positive and negative, leading systemati-
fects solely the molecular orbitals designated ascally to the structure HXYZ . Oxygen is negatively
7a, 8a, 9a in Cg; symmetry. We see that the molecular charged in all four CHNO isomers, as expected for the most
orbitals 8a ,7a ,9a of HOCN and 9a ,8a ,7a of electronegative among the fout,H,N,O elements. Nitro-
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HNCO HOCN HONC
2a’ b
-0.455 E, -0.468 E,
9a’
AN
W -0.491 E,
43
-0.475 E,
-0.490 E,
8a’
-0.573 By, -0.501 E,
-0.649 E;,
la’ b
-0.674 E, S
-0.660 Ej, gl
AR
7a’
0T34E, -0.723 Ey,
6a’
-0.814 E; -0.880 Ey,
5a’
-1.265 E;,
-1.225 E,
4a’
-1.503 E;
-1.479 E,

FIG. 3. Molecular orbitals of HNCO, HOCN, and HONC. The contour surfaces of the orbital amplitude 0.025 are shown. The orbital energies are taken from
the cc-pCV5Z calculations.

gen is negatively charged and carbon positively in HNCOHONC, the situation is opposite and characterized by posi-
and HOCN see TablelV , as expected on account of the tively charged nitrogen and negatively charged carbon. This
higher electronegativity of N relative to C. Carbon is some-may qualitatively be interpreted as due to a lone electron pair
what more positively charged in HOCN than in HNCO, sinceof nitrogen, participating in binding with carbon through an
C is involved in a triple bond in HOCN. In HCNO and orbital of -type symmetry.
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HNC with respect to the free atom situation. We also see that
the p, population on N is larger for HCN and smaller for
HNC than the respectivp,=p, contribution. Different elec-
0.409 Ey, tronic environments around nitrogen in these two molecules
result in different electric beld gradient tensors. To be spe-
cibc, electric Peld gradient componentg,a N  of
«0.967 E,/aj for HCN and 0.066E;/a3 for HNC were ob-
tained in the aug-cc-pCVQZ calculations, yielding, N
-0.680 E,, of 4.645 and 0.317 MHz for, respectively, HCN and HNC,
in good agreement with the theoretical, *N values of
Wong®? At the hydrogen site, we obtaip, H of 0.318 and
0.416 E,,/a3 for HCN and HNC, giving thus ,, D of 0.214
and 0.279 MHz, respectively. The related experimental
-0.733 B, 76t ground vibrational state values are 5, N of
*4.707 83 0.00006 MHz Ref. 55 and , D of
0.1944 0.0022 MHz Ref. 43 for HCN, and ,, **N of
0.2641 0.0010 MHz Ref. 56 and ,,D of
-0.820 Ey, 66" 0.2619 0.0145 MHz Ref. 44 for HNC.

In Fig. 5, somewhat similar electronic environments may
be noticed around the terminal N atom in HCN and the ter-
minal C atom in HNC with, however, different ordering of
the5 "and 1 ,,1 , orbitals. This is supported by the fact

-1.229E, 56 that the electric Peld gradient component, N of
*0.967 E/a3 for N in HCN is comparable withg,, C of
«0.811 E,/aj for C in HNC. This is not the case for the
electric peld gradients for the central nucleus, as seen from
Oaa C Of 0.361 Ep/aZin HCN andg,, N of 0.066 E,/a3
in HNC. Note also that the CCSD /aug-cc-pCVQZ equi-
librium bond lengthr, CN of 2.21Gy in HNC is 0.02%,
longer than the triple bond, C N distance of 2.184, in
HCN see Sec. Vand 0.084, shorter than the double bond
re C=N value of 2.294, in HNCO see Fig.1 . In conclu-
sion, we may write HDN C' as a probable simple valence
Chemical binding involves mixing of valence electrons. bond structure of hydrogen isocyanide.
While a defect ofp, electrons is an indication of -type The results of the population analysis for the CHNO
binding, an excess dd, electrons is typical for hybrid bonds isomer family in TablelV exhibit features similar to the
involving s and p, orbitals® These effects are considered HCN/HNC situation. A decrease in treecharacter with re-
prst for HCN/HNC for the purpose of illustration. In Table spect to the free atom situation is seen for all nuclear centers,
V, thep, character on N increases for HCN and decreases foexcept for C in HONC. Nitrogen and oxygen bear an excess

2ny, 2m,

Iy, 1my

-1.511 E, 4"

FIG. 4. Same as Fig, only for the HCNO molecule.

HCN HNC
-0.492 Ey 56"
Im,, 1m,
-0.497 E,
FIG. 5. Molecular orbitals of HCN
-0.582 E, 56" left and HNC right. The contour
surfaces of the orbital amplitude 0.025
0.521 F, Imy, 1my are shown. The orbital energies are
taken from the aug-cc-pCVQZ
calculations.
-0.813 E, . 4c"
4o -0.876 By,
-1.236 E, 3" e, o
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TABLE V. Population analysis for the CHNO isomer family of the total CC3icc-pCV5Z electron density
by basis functionorbital type.

HNCO S o8 Py Py Total Charge

H 0.67 0.03 0.02 0.04 0.77 +0.23
N 3.47 1.13 1.27 1.39 7.37 D0.37
C 2.90 0.80 0.76 0.82 5.61 +0.39
(0] 3.75 1.37 1.48 157 8.25 D0.25
HOCN S p, Py Py Total Charge

H 0.58 0.03 0.02 0.04 0.70 +0.30
e} 3.77 1.29 1.44 1.78 8.36 D0.36
C 2.85 0.70 0.91 0.87 5.49 +0.51
N 3.86 121 1.08 1.16 7.45 D0.45
HCNO S o8 Py Py Total Charge

H 0.78 0.03 0.02 0.02 0.85 +0.15
C 3.06 0.86 1.02 1.02 6.08 D0.08
N 3.22 1.00 1.18 1.18 6.75 +0.25
e} 3.79 1.12 1.66 1.66 8.32 0.32
HONC S p, Py Py Total Charge

H 0.59 0.02 0.02 0.05 0.69 +0.31
(0] 3.79 1.08 1.45 1.83 8.24 D0.24
N 3.25 0.82 1.35 1.31 6.86 +0.14
C 4.04 0.74 0.61 0.68 6.21 D0.21

of p, andp, electrons. An excess @, electrons on N is seen we see that a sign of the nuclear quadrupole constant in the
for HNCO and HOCN, while a defect g, electrons occurs presence of multiple bonds is determined by the largest
in HONC. This bnding can be compared to the HCN andamong the threg contributions. A nice example for this
HNC case, respectively. It is also noteworthy that fhe effect is given by the HNCO and HOCN pair. Whereas the
population on N for HOCN and HCN is the largest amongtwo molecules both exhibit an increase of nitroggrelec-
the threep contributions, due to the lone pair electrons trons with respect to the free atom situation in TalMe the
-type binding, and that the nuclear quadrupole constantsnitrogen quadrupole constants, N in Table Il are of
aa "N of HOCN and HCN are both large and negative. Oncomparable magnitudes but of different signs, due to differ-
the other hand, HNCO, HCNO, HONC, and HNC posses®nt majorp componentsp, versusp,.
the largestp population different fromp, -type binding The electric Peld gradients,, around the terminal at-
and positive ,, **N . At the oxygen site, the largeptpopu-  oms of the nonlinear HOCN and HONC molecules are found
lation is p, and the four CHNO isomers have, 1O ofthe to be comparable. Namely, we obtaineq,, N of
same sign, as seen in Table *0.598 Eh/a(z) for HOCN andq,, C of «0.578 Eh/a(z) for
Townes and DaiIeA3§3 explained a large negative quadru HONC. This bnding indicates similar electronic environ-
pole constant ,, "°As of 235 MHz for Ask; by an excess ments, i.e., similar binding mechanisms, for N in HOCN and
of p, electrons, arising fronse p hybridization in this mo- C in HONC. Since the bond length, CN of 2.218, in
lecular system with single bonds only. For the CHNO family, HONC is very close ta, CN of 2.210, in HNC, the geo-

TABLE V. Population analysis for HCN and HNC of the total CCSDaug-cc-pCVQZ electron density by
basis function orbital type.

HCN S o} Py Py Total Charge

H 0.47 0.00 0.01 0.01 0.49 +0.52
C 3.34 0.95 0.85 0.85 6.08 H0.08
N 3.85 1.30 1.08 1.08 7.44 D0.44
HNC s B, Py Px Total Charge

H 0.67 0.02 0.03 0.03 0.77 +0.23
N 3.49 0.96 1.31 131 7.13 P0.13
C 3.74 1.01 0.60 0.60 6.10 D0.10
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metric arguments presented above in connection with HNCc investigation of the electronic structure properties by

can be employed also for HONC. All this shows that we maymeans of the electric beld gradients in conjunction with the

write HDODN C° as a probable dominant valence bondresults of a Mulliken population analysis.

structure of isofulminic acid, in analogy with the HNC case. The properties studied in this work are useful to molecu-
lar spectroscopists. In view of very recent laboratory ad-
vances in observing the previously spectroscopically un-

A. Fulminic acid known HOCN and HONC molecules and very recent

. . identibcations of HCNO and HOCN in several interstellar
We summarize now some electronic structure and geo-

. . . . 2" regions, including vibrationally excited HNCO, our results
metric properties derived in the present work for fulminic . . . .
acid. assume some importance for further experimental investiga-

At the hydrogen site, the electric Peld gradieggs H tions on these challenging molecular systems.
of 0.335 E,/a for HCNO and 0.318E,/a3 for HCN are
comparable, yielding similar ,, D values for these two ACKNOWLEDGMENTS
molecules Table Il and Sec. VI. Compared to HNCO,
HOCN, and HONC, fulminic acid possesses an enhanceﬂlI
positive deuterium quadrupole constant D .

The bond lengthg, CN andr, HC of HCNO and
HCN agree within 0.00&,, as seen in Tableand Fig.1. The
electric peld gradient,, C found to be -0.005Eh/a§ in
HCNO is, however, noticeably different frorg,, C of
+0.361 Ey/a% in HCN. A small g,, C value indicates a
nearly spherically symmetric charge distribution around C in 1, ,, Flygare,Chem. Rev. Washington, D.C. 74, 653 1974.

HCNO. In addition,g,, C of HCNO differs from both 2W. H. Flygare,J. Chem. Phys41, 793 1964.
Oaa N of 0.440 Eh/aé and Oaa C of «0.479 Eh/ag in 3C. H. Townes and A. L. SchawlowMicrowave SpectroscopyDover,
HNCO. The carbom, population in HCNO is larger than the 4|\N/|e"'\vm\;c(’;:;]j\?i7ihd M. LewerenzChem. Phys343 129 2008
Px=Py contributions. Similar properties of the population SM: Mladenovi, M. EI.hiyani, and M. L.ewe)r/e.nz,]. Chem. Ph.ys.13Q
are also seen for HOCN, Tablle However, they,, C value 154109 2009.
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sponding HCNO value. Furthermore, the electric peld ,Chem. Phys.120 11586 2004. . o

. . Note that the dipole moment componentg and  of isocyanic acid,
around the carbon center of HCNO is found to be different ;5cN; are interchanged on page 131 of RéfThe correct RHF/ce-
from all other local nuclear belds. pV5Z dipole moment results are thus, =3.715 D and ,=1.642 D

The_nitrogen guadru_pole ClelnStam of 0.206 MHz for SflorHH(')I';eNs. G. Maier, B. A. Hess, Jr., L. J. Schaad, M. Winnewisser, and
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