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c o u pli n g-r el at e d p ar a m et er s of a n al o g o u s d y a d s i s pr e s e nt e d f or m ulti pl e c y a n o ar e n e s.   

1. I nt r o d u cti o n 

T h e c y a n o p yri di n e i s o m er s [ 1, 2 ] a n d ot h er c y a n o- s u b stit ut e d ar e n e s 

[ 3 – 5 ] h a v e  b e c o m e  of  p arti c ul ar  i nt er e st  t o  o ur  gr o u p  f oll o wi n g  t h e 

r e c e nt  d et e cti o n s  of  s e v er al  s u b stit ut e d,  fi v e-  a n d  si x- m e m b er e d  ri n g- 

c o nt ai ni n g ar o m ati c m ol e c ul e s i n t h e i nt er st ell ar m e di u m (I S M): b e n -

z o nitril e [ 6 ] , c y a n oi n d e n e s [ 7 ] a n d c y a n o n a p ht h al e n e s [ 8 ] . T h e d et e c-

ti o n of t h e s e ar o m ati c nitril e s i n t h e i nt er st ell ar m e di u m pr o vi d e s str o n g 

e vi d e n c e f or t h e pr e s e n c e of t h eir p ar e nt ar o m ati c s p e ci e s. B e n z e n e w a s 

i niti all y d et e ct e d i n t h e I S M vi a i nfr ar e d s p e ctr o s c o p y [ 9 ] , b ut c a n n ot b e 

o b s er v e d  wit h  r a di o a str o n o m y  b e c a u s e  it  l a c k s  a  p er m a n e nt  di p ol e 

m o m e nt. T h e C N s u b stit uti o n of t h e b e n z e n e ri n g i n b e n z o nitril e pr o -

vi d e s a p er m a n e nt di p ol e m o m e nt t h at, c o m bi n e d wit h it s a b u n d a n c e i n 

t h e  s o ur c e  ( T M C- 1),  e n a bl e d  it s  d et e cti o n  b y  r ot ati o n al  s p e ctr o s c o p y. 

P yri di n e, t h e N - h et er o c y cli c a n al o g u e of b e n z e n e, h a s a m o d er at e p er-

m a n e nt di p ol e m o m e nt of 2. 2 D, b ut h a s s o f ar el u d e d d et e cti o n i n t h e 

I S M [ 1 0 – 1 3 ] . T h er e ar e t hr e e r e gi oi s o m eri c nitril e- s u b stit ut e d p yri di n e s 

(Fi g. 1 ), t w o of w hi c h ( 2- a n d 3- c y a n o p yri di n e) h a v e s u b st a nti all y l ar g er 

di p ol e  m o m e nt s  t h a n  p yri di n e,  a n d  all  ar e  attr a cti v e  c a n di d at e s  f or 

r a di o a str o n o mi c al d et e cti o n [ 1 4 ] . 

R e c e ntl y, o ur gr o u p h a s a n al y z e d t h e s p e ctr a of 3- c y a n o p yri di n e [ 1 ] 

a n d 4- c y a n o p yri di n e [ 2 ] , a n d gr e atl y e x p a n d e d t h e n u m b er of r e p ort e d 

r ot ati o n al tr a n siti o n fr e q u e n ci e s i n t h eir gr o u n d a n d t w o l o w e st- e n er g y 

vi br ati o n all y e x cit e d st at e s. T h e gr o u n d vi br ati o n al st at e of b ot h of t h e s e 

i s o m er s i s a d e q u at el y m o d el e d b y a di st ort e d-r ot or H a milt o ni a n, w hil e 

t h e  l o w e st- e n er g y  e x cit e d  vi br ati o n al  st at e s  e x hi bit  C ori oli s  c o u pli n g, 

c o m pli c ati n g t h e a n al y si s of t h eir r ot ati o n al s p e ctr a. Q u arti c a n d s e xti c 

di st orti o n c o n st a nt s, C ori oli s p ert ur b ati o n t er m s, a n d a pr e ci s e e n er g y 

s e p ar ati o n  f or  t h e  d y a d  of  vi br ati o n al  st at e s  w er e  d et er mi n e d  b y 

a p pl yi n g a m ulti- st at e m o d el. T h e s e r e p ort e d tr a n siti o n fr e q u e n ci e s a n d 

s p e ctr o s c o pi c  c o n st a nt s,  c o m bi n e d  wit h  t h o s e  fr o m  pr e vi o u s  w or k s, 

pr o vi d e t h e f o u n d ati o n of f ut ur e r a di o a str o n o mi c al s e ar c h e s. A s wit h t h e 

e arli er st u di e s o n 3- a n d 4- c y a n o p yri di n e, t h e c urr e nt w or k o n 2- c y a n o -

p yri di n e  gr e atl y  e x p a n d s  t h e  li st  of  a s si g n e d  r ot ati o n al  tr a n siti o n  fr e -

q u e n ci e s a n d pr o vi d e s s p e ctr o s c o pi c c o n st a nt s f or t h e gr o u n d a n d t w o 

l o w e st- e n er g y vi br ati o n all y e x cit e d st at e s. 

2- C y a n o p yri di n e ( Fi g. 2 ) i s a C s, n e a r- p r ol at e (κ =  − 0. 8 5 0), a s y m -

m etri c  r ot or  wit h  t h e  l ar g e st  m e a s ur e d  di p ol e  m o m e nt  of  t h e  t hr e e 

c y a n o p yri di n e i s o m er s ( μ a = 5. 4 7 ( 1 0) D a n d μ b = 1. 8 7 ( 3) D, [ 1 4 ] ). 

R e c e ntl y,  V o gt et  al. utili z e d t h e  pr e vi o u s  mi cr o w a v e  d at a  a n d  vi br a -

ti o n al  fr e q u e n c y  m e a s ur e m e nt s,  al o n g  wit h  n e w  g a s- p h a s e  el e ctr o n 

diffr a cti o n s p e ctr o s c o p y, t o d et er mi n e a n e q uili bri u m str u ct ur e f or e a c h 

of t h e c y a n o p yri di n e r e gi oi s o m er s [ 1 5 – 1 7 ] . T h e o nl y r e p ort e d r ot ati o n al 

tr a n siti o n s f or 2- c y a n o p yri di n e, h o w e v er, ar e 2 2 tr a n siti o n s b et w e e n 8 

*  C orr e s p o n di n g a ut h or s. 
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a n d 1 7 G H z [ 1 8 ] . Alt h o u g h n o q u a dr u p ol e s plitti n g w a s o b s er v e d, t h e 

o b s er v ati o n  of  i nt e n s e a -  a n d b -t y p e  r ot ati o n al  tr a n siti o n s  pr o vi d e d 

a d e q u at e  d et er mi n ati o n  of  t h e A 0 , B 0 ,  a n d C 0 r ot ati o n al  c o n st a nt s. 

F u n d a m e nt al vi br ati o n al fr e q u e n ci e s vi a i nfr ar e d a n d R a m a n s p e ctr o s-

c o p y of all of t h e c y a n o p yri di n e i s o m er s h a v e b e e n r e p ort e d, i n cl u di n g 

t h o s e of ν 3 0 ( A’’, 1 5 4 c m− 1 ) a n d ν 2 1 ( A’, 1 7 5 c m− 1 ) f o r 2- c y a n o p yri di n e 

[ 1 9 ] . 

2.  E x p e ri m e nt al a n d c o m p ut ati o n al m et h o d s 

A  c o m m er ci all y  a v ail a bl e  s a m pl e  of  2- c y a n o p yri di n e  w a s  u s e d 

wit h o ut p uri fi c ati o n. T h e milli m et er- w a v e s p e ctr o m et er h a s b e e n pr e -

vi o u sl y d e s cri b e d, a n d t h e fr e q u e n c y r a n g e h a s r e c e ntl y b e e n e x p a n d e d 

t o 7 5 0 G H z [ 2 0 – 2 2 ] . S p e ctr al s e g m e nt s fr o m 1 3 0 – 2 3 5 G H z, 2 3 5 – 3 6 0 

G H z, 3 6 5 – 5 0 0 G H z, a n d 5 0 0 – 7 5 0 G H z w er e c oll e ct e d at r o o m t e m -

p er at ur e a n d c o m bi n e d i nt o a si n gl e s p e ctr u m u si n g Ki si el ’s A s si g n m e nt 

a n d  A n al y si s  of  Br o a d b a n d  S p e ctr a  s oft w ar e [ 2 3, 2 4 ] .  T h e  r ot ati o n al 

s p e ctr a w er e c oll e ct e d at a s a m pl e pr e s s ur e of 5 m T orr i n a c o nti n u o u s 

fi o w  i n  or d er  t o  m ai nt ai n  a  p ur e  s a m pl e  a n d  c o n st a nt  pr e s s ur e 

t hr o u g h o ut  d at a  c oll e cti o n.  T h e  c o m pl et e  s p e ctr u m  fr o m  1 3 0  t o  7 5 0 

G H z  w a s  o bt ai n e d  u si n g  a ut o m at e d  d at a  c oll e cti o n  s oft w ar e  o v er 

a p pr o xi m at el y  t w el v e  d a y s  wit h  t h e s e  e x p eri m e nt al  p ar a m et er s:  0. 6 

M H z / s e c s w e e p r at e, 1 0 m s ti m e c o n st a nt, a n d 5 0 k H z A M a n d 5 0 0 k H z 

F M m o d ul ati o n i n a t o n e- b ur st d e si g n [ 2 5 ] . Pi c k ett’s S P FI T / S P C A T [ 2 6 ] 

w a s u s e d f or l e a st- s q u ar e s fitti n g, a n d a n al y s e s w er e c o m pl et e d u si n g 

PI F O R M,  P L A N M,  a n d  A C [ 2 7, 2 8 ] .  A m e a s ur e m e nt  u n c ert ai nt y of  5 0 

k H z  w a s  u s e d  f or  all  n e wl y  a c q uir e d  fr e q u e n ci e s,  a n d  t h e  s p e ci fi e d 

m e a s ur e m e nt u n c ert ai nt y of 2 0 0 k H z w a s u s e d f or tr a n siti o n s r e p ort e d 

b y D or ai s w a m y a n d S h ar m a [ 1 8 ] . 

T h e o pti mi z e d m ol e c ul ar g e o m etr y of 2- c y a n o p yri di n e w a s o bt ai n e d 

u si n g v er y ti g ht c o n v er g e n c e crit eri a wit h a n ultr a fi n e i nt e gr ati o n gri d 

(o pt = v er yti g ht a n d i nt = gri d = ultr a fi n e ). C o m p ut ati o n s w er e p erf or m e d 

at t h e B 3 L Y P / 6 – 3 1 1 + G( 2 d, p) l e v el of t h e or y u si n g G a u s si a n 1 6 t hr o u g h 

t h e  W e b M O  i nt erf a c e [ 2 9, 3 0 ] .  Pr e di ct e d  v al u e s  of  t h e  f u n d a m e nt al 

vi br ati o n al  fr e q u e n ci e s,  s p e ctr o s c o pi c  c o n st a nt s,  vi br ati o n – r ot ati o n 

i nt er a cti o n c o n st a nt s, C ori oli s c o u pli n g c o n st a nt s (ζ ), a n d q u arti c a n d 

s e xti c c e ntrif u g al di st orti o n c o n st a nt s w er e d et er mi n e d fr o m a n a n h ar -

m o ni c fr e q u e n c y c al c ul ati o n. C o m p ut ati o n al o ut p ut fil e s ar e pr o vi d e d i n 

t h e s u p pl e m e nt ar y m at eri al . 

3.  2- C y a n o p y ri di n e r ot ati o n al s p e ct r a 

T h e  r ot ati o n al  s p e ctr u m  of  2- c y a n o p yri di n e  i s  si mil ar  t o  t h o s e  of 

str u ct ur all y a n al o g o u s m ol e c ul e s 2- c y a n o p yri mi di n e [ 4 ] , c y a n o p yr a zi n e 

[ 5 ] , 3- c y a n o p yri di n e [ 1 ] , 4- c y a n o p yri di n e [ 2 ] , p h e n yl i s o c y a ni d e [ 3 1 ] , 

b e n z o nitril e [ 3 2, 3 3 ] ,  2-f ur o nitril e [ 3 ] ,  a n d  p h e n yl a c et yl e n e [ 3 4 ] .  A s 

s h o w n  i n Fi g.  3 ,  d e s pit e  t hi s  m ol e c ul e  b ei n g  a  pr ol at e  t o p,  t h e  m o st 

vi s u all y  a p p ar e nt  f e at ur e s  of  t h e  s p e ctr u m  of  2- c y a n o pr yi di n e  ar e 

o bl at e-t y p e b a n d s of i nt e n s e a -t y p e R- br a n c h tr a n siti o n s, at l e a st u p t o 

a p pr o xi m at el y 4 0 0 G H z. A b o v e t h at fr e q u e n c y ( Fi g. 4 ), t h e i n h er e ntl y 

w e a k er b -t y p e  R- br a n c h  tr a n siti o n s  b e gi n  t o  d o mi n at e  t h e  s p e ctr u m. 

M a n y w e a k er Q- br a n c h, b ut n o P- br a n c h, tr a n siti o n s w er e o b s er v e d. A s 

wit h  t h e  a n al o g o u s  m ol e c ul e s,  tr a n siti o n s  ari si n g  fr o m  m a n y 

vi br ati o n all y e x cit e d st at e s ar e a p p ar e nt i n t h e s p e ctr u m ( Fi g. 3 ), b ut 

o nl y  t h o s e  fr o m  t h e  t w o  l o w e st- e n er g y  f u n d a m e nt al  st at e s  w er e 

a n al y z e d i n t hi s w or k. 

3. 1.  Gr o u n d vi br ati o n al st at e 

T h e  o b s er v e d  fr e q u e n c y  r a n g e  f or  2- c y a n o p yri di n e,  n a m el y  1 3 0 – 

7 5 0 G H z, pr o vi d e d a l ar g e n u m b er of gr o u n d- st at e tr a n siti o n s ( Fi g. 5 ). 

T h e v a st m aj orit y of t h e m e a s ur e d tr a n siti o n s h a v e fr e q u e n ci e s b el o w 

5 0 0 G H z, si n c e o nl y t h e m o st i nt e n s e tr a n siti o n s b e y o n d 5 0 0 G H z c o ul d 

b e  m e a s ur e d,  m ai nl y  d u e  t o  h ar d w ar e  li mit ati o n s.  A  t ot al  of  1 0, 6 0 6 

di sti n ct tr a n siti o n s w er e m e a s ur e d a n d l e a st- s q u ar e s fit t o a p arti al- o cti c, 

di st ort e d-r ot or  H a milt o ni a n  ( σ fit = 4 0  k H z).  T h e  pr e vi o u sl y  r e p ort e d 

r ot ati o n al  c o n st a nt s [ 1 8 ] a n d  pr e di ct e d  q u arti c  a n d  s e xti c  di st orti o n 

c o n st a nt s w er e u s e d t o i niti all y i d e ntif y t h e m o st i nt e n s e K a s e ri e s of t h e 

gr o u n d vi br ati o n al st at e, t h e n r e fi n e d wit h a d diti o n al d at a. I n t h e d at a 

di stri b uti o n  pl ot s  s h o w n  i n Fi g.  5 ,  t h e  r a n g e  of  n e w  milli m et er- w a v e 

tr a n siti o n s  f or  t h e  gr o u n d  vi br ati o n al  st at e  a p p e ar s  i n  bl a c k,  a n d  t h e 

i n c or p or at e d mi cr o w a v e tr a n siti o n s fr o m D or ai s w a m y a n d S h ar m a [ 1 8 ] 

ar e pr e s e nt e d i n bl u e. T h e fi n al d at a s et i n cl u d e s tr a n siti o n s r a n gi n g i n J ′′ 
v al u e s fr o m 2 t o 1 9 5 a n d wit h K a ′′ v al u e s f r o m 0 t o 6 6. T h e wi d e fr e -

q u e n c y r a n g e, v ari et y of tr a n siti o n t y p e s, e xt e n si v e J / K q u a nt u m n u m -

b er r a n g e, a n d t h e v er y l ar g e n u m b er of tr a n siti o n s i n t h e fi n al d at a s et 

all o w e d f or a n e x c ell e nt d et er mi n ati o n of a p arti al- o cti c, c e ntrif u g all y 

di st ort e d  H a milt o ni a n  i n  b ot h  t h e  A  a n d  S  r e d u cti o n s  u si n g  t h e  I r 

r e p r e s e nt ati o n. 

T h e  2- c y a n o p yri di n e  s p e ctr o s c o pi c  c o n st a nt s  ar e  pr e s e nt e d  i n 

T a bl e 1 i n b ot h t h e S a n d A r e d u cti o n s u si n g t h e Ir r e p r e s e nt ati o n. I n 

b ot h  r e d u cti o n s,  t h e  d at a  s et  di d  n ot  p er mit  t h e  d et er mi n ati o n  of  a 

c o m pl et e  s et  of  o cti c  c e ntrif u g al  di st orti o n  c o n st a nt s.  T h e  pr e vi o u sl y 

r e p ort e d C 0 v al u e, 1 2 5 4. 4 6 0 ( 4) M H z [ 1 8 ] , i s i n g o o d a gr e e m e nt wit h 

t h e v al u e d et er mi n e d i n t h e pr e s e nt w or k. I n c o ntr a st, t h e v al u e s of A 0 

a n d B 0 ( 5 8 3 6. 7 5 6 ( 1 4) M H z a n d 1 5 9 8. 2 1 9 ( 4) M H z, r e s p e cti v el y) ar e n ot 

i n a gr e e m e nt wit h t h e m or e a c c ur at e a n d pr e ci s e v al u e s fr o m t h e c urr e nt 

w or k.  T h e  n e wl y  d et er mi n e d  v al u e s  ar e  i m pr o v e d  b y  t h e  a d diti o n  of 

o v er 1 0, 5 0 0 n e w r ot ati o n al tr a n siti o n s a n d t h e s u c c e s sf ul i n c or p or ati o n 

of  m a n y  n e w  c e ntrif u g al  di st orti o n  t er m s  i nt o  t h e  H a milt o ni a n.  T h e 

i n erti al d ef e ct of t h e gr o u n d st at e, Δ i = 0. 0 7 3 0 6 9 ( 6) u Å 2 , i s c o n si st e nt 

wit h a pl a n ar m ol e c ul e. All of t h e q u arti c a n d s e xti c di st orti o n c o n st a nt s 

c o ul d b e s ati sf a ct oril y d et er mi n e d. T h e v al u e of t h e h 1 c o n st a nt, h o w -

e v er, i s of s o m e c o n c er n b e c a u s e t h e m a g nit u d e i s v er y s m all ( a n d o nl y 

f o ur ti m e s gr e at er t h a n it s st ati sti c al u n c ert ai nt y) a n d t h e si g n i s o p p o-

sit e t h at of it s B 3 L Y P- pr e di ct e d v al u e. T h e v al u e of h 1 i s p r e di ct e d t o b e 

q uit e s m all r el ati v e t o t h e ot h er c e ntrif u g al di st orti o n c o n st a nt s, s o t h e 

di s cr e p a n c y b et w e e n pr e di ct e d a n d o b s er v e d v al u e s c o ul d b e c a u s e d b y 

a q uit e s m all a b s ol ut e err or i n t h e c o m p ut e d v al u e. T h e e x p eri m e nt al 

Fi g.  1. 2-,  3-,  a n d  4- C y a n o p yri di n e  r e gi oi s o m er s  wit h  e x p eri m e nt al  di p ol e 

m o m e nt s [ 1 4 ] . 

Fi g. 2. 2- C y a n o p yri di n e ( C s, μ a = 5. 4 7 D a n d μ b = 1. 8 7 D [ 1 4 ] ) i n t h e pri n ci p al 

i n erti al a xi s s y st e m. 
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s p e ctr o s c o pi c  p ar a m et er s,  e x cl u di n g  t h e  af or e m e nti o n e d h 1 c o n st a nt, 

a r e  w ell  pr e di ct e d vi a t h e  B 3 L Y P / 6– 3 1 1 + G( 2 d, p)  c al c ul ati o n.  T h e 

r ot ati o n al  c o n st a nt s  h a v e  r e m ar k a bl y  s m all  diff er e n c e s  b et w e e n  pr e -

di ct e d a n d e x p eri m e nt al v al u e s: 0. 0 5 % i n A 0 , 0. 1 1 % i n B 0 , a n d 0. 0 8 % i n 

C 0 i n  b ot h  t h e  A  a n d  S  r e d u cti o n s.  T h e  c o m p ut e d  q u arti c  di st orti o n 

c o n st a nt s ar e all wit hi n 1 4 % of t h e e x p eri m e nt al v al u e s, wit h t h e l ar g e st 

diff er e n c e e x hi bit e d b y Δ K . Si mil a rl y, t h e s e xti c di st orti o n c o n st a nt s ar e 

a c c ur at el y  pr e di ct e d  ( wit hi n  2 3 %),  wit h  t h e  e x c e pti o n s  of Φ J a n d h 1 

( 3 0 % a n d 5 3 3 %, r e s p e cti v el y), s u g g e sti n g t h at t h e e x p eri m e nt al v al u e s 

ar e  i n d e e d  p h y si c all y  m e a ni n gf ul.  E x cl u di n g l1 ,  all  o cti c  c e ntrif u g al 

di st orti o n  t er m s  i n  t h e  S  r e d u cti o n  w er e  w ell  d et er mi n e d.  I n  t h e  A 

r e d u cti o n,  t hr e e  o n- di a g o n al  o cti c  t er m s  w er e  w ell- d et er mi n e d  ( L J J K , 

L J K , a n d L K K J ), a n d t h e r e m ai ni n g t er m s w er e h el d c o n st a nt at z er o. N o 

c o m p ut ati o n al  p a c k a g e s  c urr e ntl y  pr e di ct  t h e  o cti c  c e ntrif u g al  di st or -

ti o n t er m s t o c ali br at e t h e m e a ni n gf ul n e s s of t h e s e v al u e s. C o m p ari n g 

e x p eri m e nt al o cti c di st orti o n c o n st a nt s f or s e v er al a n al o g o u s m ol e c ul e s, 

h o w e v er, will b e di s c u s s e d b el o w. 

3. 2. S p e ctr al a n al ysis of ν 3 0 a n d ν 2 1 

C o n si st e nt wit h t h e 3- a n d 4- c y a n o p yri di n e r e gi oi s o m er s a n d ot h er 

c y a n o ar e n e s [ 1 – 5, 3 1, 3 3 ] ,  t h e  t w o  l o w e st- e n er g y  f u n d a m e nt al  vi br a-

ti o n al st at e s of 2- c y a n o p yri di n e ar e i n- pl a n e (ν 3 0 , A’’, 1 5 4 c m− 1 [ 1 9 ] ) 

a n d  o ut- of- pl a n e  ( ν 2 1 ,  A’,  1 7 5  c m− 1 [ 1 9 ] )  b e n di n g  m o d e s  of  t h e  C N 

gr o u p wit h r e s p e ct t o t h e p yri di n e ri n g. I niti al pr e di cti o n s of t h e s p e ctr a 

of  t h e  vi br ati o n al  e x cit e d  st at e s  w er e  m a d e  u si n g  t h e  e x p eri m e nt al 

gr o u n d- st at e r ot ati o n al c o n st a nt s ( a s c orr e ct e d u si n g B 3 L Y P- c o m p ut e d 

vi br ati o n – r ot ati o n  i nt er a cti o n  c o n st a nt s),  i n  c o nj u n cti o n  wit h  e x p eri -

m e nt al  gr o u n d- st at e  c e ntrif u g al  di st orti o n  c o n st a nt s.  I n Fi g.  6 ,  t h e 

vi br ati o n al m a nif ol d of 2- c y a n o p yri di n e i s s h o w n u p t o 5 5 0 c m − 1 u si n g 

f u n d a m e nt al  vi br ati o n al  e n er gi e s  o b s er v e d  b y  l o w-r e s ol uti o n  R a m a n 

s p e ctr o s c o p y [ 1 9 ] . A s e x p e ct e d, i niti al att e m pt s t o l e a st- s q u ar e s fit t h e 

Fi g. 3. ( a) E x p eri m e nt al r ot ati o n al s p e ctr u m ( b ott o m) of 2- c y a n o p yri di n e fr o m 2 4 9. 2 t o 2 5 4. 1 G H z a n d pr e di ct e d sti c k s p e ctr u m (t o p) fr o m e x p eri m e nt al s p e c -

tr o s c o pi c c o n st a nt s. Pr o mi n e nt tr a n siti o n s of gr o u n d- st at e 2- c y a n o p yri di n e f or t h e J ″ + 1 = 9 9 a n d J ″ + 1 = 1 0 0 b a n d s a p p e ar i n bl a c k. Tr a n siti o n s f or ν 3 0 a r e s h o w n 

i n p ur pl e, a n d tr a n siti o n s f or ν 2 1 a r e g r e e n. U n a s si g n e d tr a n siti o n s ar e attri b ut a bl e t o ot h er vi br ati o n all y e x cit e d st at e s of 2- c y a n o p yri di n e. ( b) E x p a n si o n s h o wi n g 

e x p eri m e nt al a n d pr e di ct e d s p e ctr a n e ar t h e J ″ + 1 = 9 9 b a n d r e gi o n. 
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l o w-K a s e ri e s t r a n siti o n s of t h e s e vi br ati o n all y e x cit e d st at e s t o a si n gl e- 

st at e  H a milt o ni a n  w er e  u n s u c c e s sf ul.  T h e  s y m m etri e s  of ν 3 0 a n d ν 2 1 

all o w  f o r a -  a n d b -t y p e  C ori oli s  c o u pli n g  i nt er a cti o n s  b et w e e n  t h e s e 

f u n d a m e nt al st at e s. I n or d er t o a c c o u nt f or t h e a - a xi s a n d b - a xi s C ori oli s 

c o u pli n g,  t h e  t w o  st at e s  w er e  tr e at e d  wit h  a  c o m bi n e d  A-r e d u c e d 

H a milt o ni a n  t h at  i n cl u d e d  s p e ctr o s c o pi c  c o n st a nt s  f or  e a c h  st at e,  t h e 

e n er g y s e p ar ati o n Δ E 3 0, 2 1 , i niti all y s et t o t h e pr e vi o u sl y e x p eri m e nt all y 

d et er mi n e d v al u e [ 1 9 ] , a n d c o m p ut e d C ori oli s- c o u pli n g t er m s. A s m or e 

p ert ur b e d tr a n siti o n fr e q u e n ci e s w er e i n cl u d e d i n t h e d at a s et, G a a n d G b 

t e r m s w e r e all o w e d t o v ar y a n d a d diti o n al hi g h er- or d er c o u pli n g t er m s 

w er e a d d e d t o m o d el t h e r ot ati o n al s p e ctr a of t h e s e t w o st at e s. T h e A 

r e d u cti o n  w a s  u s e d  t o  all o w  f or  c o m p ari s o n  wit h  pr e vi o u s  st u di e s  of 

c y a n o ar e n e s a n d t o m ai nt ai n a c o n si st e nt r e d u cti o n wit h t h e c o m m o n 

c e ntrif u g all y di st ort e d C ori oli s t er m s, e .g ., G a
J , G a

K , et c ., w hi c h u s e a n A- 

r e d u cti o n c e ntrif u g al di st orti o n e x p a n si o n. 

Fi g. 3 s h o w s t h e pr e di ct e d a n d e x p eri m e nt al s p e ctr a of 2- c y a n o p yri -

di n e  i n  t h e  gr o u n d  st at e, ν 3 0 ,  a n d ν 2 1 ,  d e m o n st r ati n g  t h e  d e n sit y  of 

tr a n siti o n s wit hi n a 5 G H z s e cti o n of t h e 6 0 0 G H z- wi d e s p e ctr al r a n g e 

st u di e d i n t hi s w or k. I n 2- c y a n o p yri di n e, Q- br a n c h tr a n siti o n s w er e of 

s uf fi ci e nt i nt e n sit y f or a s m all s et t o b e o b s er v e d a n d m e a s ur e d i n b ot h 

e x cit e d  st at e s.  Ulti m at el y,  o v er  6 6 0 0  a n d  5 8 0 0  tr a n siti o n s  w er e 

m e a s ur e d f or ν 3 0 a n d ν 2 1 , r e s p e cti v el y, wit h J ′′ v al u e s r a n gi n g fr o m 1 1 t o 

1 9 8 a n d K a ′′ v al u e s r a n gi n g fr o m 0 t o 5 7. T h e f ull r a n g e of Q- a n d R- 

br a n c h tr a n siti o n s i n ν 3 0 a n d ν 2 1 c a n b e s e e n i n t h e d at a di stri b uti o n pl ot s 

i n Fi g. 7 . Alt h o u g h t h e br e a dt h of d at a w a s l o w er f or b ot h e x cit e d st at e s 

t h a n f or t h e gr o u n d st at e, t h e c o v er a g e pr o v e d n o n et h el e s s s uf fi ci e nt t o 

o bt ai n  w ell- d et er mi n e d  s p e ctr o s c o pi c  t er m s.  T h e  l a c k  of  hi g h- err or 

tr a n siti o n s  i n Fi g.  7 i n di c at e s  t h at  t h e  H a milt o ni a n  w a s  a d e q u at e  t o 

m o d el t h e p ert ur b e d tr a n siti o n fr e q u e n ci e s. 

T h e s p e ctr o s c o pi c c o n st a nt s f or ν 3 0 a n d ν 2 1 (T a bl e 2 ) a r e v er y si mil ar 

i n m a g nit u d e a n d si g n a s e a c h of t h eir r e s p e cti v e gr o u n d- st at e c o n st a nt s 

– a n i n di c ati o n t h at t h e c o n st a nt s h a v e n ot a b s or b e d a l ar g e a m o u nt of 

p ert ur b ati o n, w hi c h s h o ul d i d e all y b e a d dr e s s e d b y c o u pli n g t er m s. Of 

t h e q u arti c di st orti o n c o n st a nt s, t h e v al u e s of Δ J a n d off- di a g o n al δ J a n d 

δ K a r e  wit hi n  4 %  of  t h e  c orr e s p o n di n g  gr o u n d- st at e  v al u e s,  a n d  t h e 

v al u e s of t h e s e xti c c o n st a nt s t h at c o ul d b e d et er mi n e d ( Φ J , ϕ J K , a n d ϕ K J ) 

a r e wit hi n 1 4 %. T h e v al u e s of t h e s e c o n st a nt s ar e s hift e d i n t h e s a m e 

dir e cti o n r el ati v e t o t h e gr o u n d st at e f or e a c h r e s p e cti v e t er m, t h u s t h e 

c h a n g e s of u p t o 1 4 % ar e li k el y t o b e r e a s o n a bl e. T h e c o n st a nt s Δ J K , Δ K , 

a n d Φ K J h a v e p ot e nti all y a b s or b e d c o u pli n g. F or t h e Δ J K a n d Φ K J v al u e s, 

t h e c h a n g e i n m a g nit u d e s ar e q uit e s m all ( wit hi n 6. 5 % a n d 8. 0 % of t h e 

gr o u n d- st at e v al u e s, r e s p e cti v el y), al b eit i n o p p o sit e dir e cti o n s f or e a c h 

p air  of  c o n st a nt s.  F or Δ K ,  t h e  c h a n g e  i n  m a g nit u d e  i s  l ar g er,  wit h 

c h a n g e s of − 4 2. 2 % a n d + 5 6. 7 % f or t h e l o w er- a n d hi g h er- e n er g y st at e s, 

r e s p e cti v el y. T hi s i s sli g htl y c o n c er ni n g, a n d it i s p o s si bl e t h at t h e Δ K 

v al u e s h a v e a b s or b e d a s m all a m o u nt of t h e C ori oli s c o u pli n g. U nf or -

t u n at el y,  c o m p ut ati o n al  st at e- s p e ci fi c  c e ntrif u g al  di st orti o n  c o n st a nt s 

ar e  n ot  a v ail a bl e  t o  pr o vi d e  a  m e a ni n gf ul  e sti m at e  of  t h e  e x p e ct e d 

c h a n g e  i n  c e ntrif u g al  di st orti o n  u p o n  vi br ati o n.  N o n et h el e s s,  t h e 

c o u pli n g  i s  tr e at e d  eff e cti v el y,  a s  e vi d e n c e d  b y  n u m er o u s,  w ell- fit 

tr a n siti o n s  aff e ct e d  b y  b ot h  gl o b al  a n d  l o c al  (r e s o n a n c e s)  p ert ur b a -

ti o n s,  a n d  w e  b eli e v e  t h at  t h e  r ot ati o n al  a n d  c e ntrif u g al  di st orti o n 

c o n st a nt s  ar e  l ar g el y  fr e e  of  C ori oli s  c o u pli n g,  a s  d e m o n str at e d  i n 

T a bl e 2 . 

T a bl e  3 c o nt ai n s  t h e  c o m p ut ati o n al  a n d  e x p eri m e nt al  vi br a -

ti o n– r ot ati o n  i nt er a cti o n  c o n st a nt s  ( α i v al u e s),  e n e r g y  s e p ar ati o n, 

Fi g. 4. Pr e di ct e d r ot ati o n al s p e ctr u m of t h e gr o u n d vi br ati o n al st at e of 2- c y a -

n o p yri di n e fr o m e x p eri m e nt al s p e ctr o s c o pi c c o n st a nt s at 2 9 2 K ( a m bi e nt t e m -

p er at ur e). a - T y p e tr a n siti o n s ar e di s pl a y e d i n p ur pl e, a n d b -t y p e tr a n siti o n s ar e 

di s pl a y e d i n or a n g e. 

Fi g. 5. D at a di stri b uti o n pl ot s f or t h e l e a st- s q u ar e s fit of s p e ctr o s c o pi c d at a f or t h e vi br ati o n al gr o u n d st at e of 2- c y a n o p yri di n e ( A r e d u cti o n, I r r e p r e s e nt ati o n). T h e 

si z e of t h e o utli n e d cir cl e s i n t hi s pl ot c orr e s p o n d s t o |( fo bs. – fc al c. ) /δ f |, w h e r e δ f i s t h e m e a s ur e m e nt u n c ert ai nt y, a n d all q u oti e nt v al u e s ar e l e s s t h a n 3. Bl a c k s y m b ol s 

d e n ot e d at a fr o m t h e pr e s e nt w or k, bl u e s y m b ol s d e n ot e d at a fr o m D or ai s w a m y a n d S h ar m a [ 1 8 ] . 
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C ori oli s ζ c o n st a nt s,  a n d  a v er a g e d  vi br ati o n – r ot ati o n  i nt er a cti o n  c o n -

st a nt s. T h e e n er g y s e p ar ati o n d et er mi n e d i n t hi s w or k i s a p pr o xi m at el y 

5  c m − 1 l a r g e r  t h a n  t h at  d et er mi n e d  pr e vi o u sl y  ( 2 1  c m− 1 [ 1 9 ] )  b ut 

a p pr o xi m at el y 6 c m − 1 s m all e r t h a n t h e B 3 L Y P pr e di cti o n. T h e c o m p u -

t ati o n al o v er- pr e di cti o n h a s b e e n o b s er v e d i n pr e vi o u s i n v e sti g ati o n s of 

m o n o s u b stit ut e d  ar o m ati c s [ 1, 2, 4, 5, 3 1 – 3 3 ] .  T h e  c o m p ut e d  vi br a-

ti o n– r ot ati o n  i nt er a cti o n  c o n st a nt s  f or A v ,  w hi c h  c o rr e s p o n d  t o  t h e 

l ar g er c o u pli n g t er m, s h o w t h e t ellt al e i n di c ati o n of C ori oli s c o u pli n g, i. 

e .,  si mil arl y  l ar g e  m a g nit u d e s  ( e a c h  o v er  1 0 0  M H z,  i n  t hi s  c a s e)  of 

o p p o sit e si g n. I n c o ntr a st, t h e e x p eri m e nt all y d et er mi n e d α A v al u e s a r e 

r at h er  s m all – v ar yi n g  b y  o nl y  si n gl e- M H z  v al u e s – i n di c ati n g  t h at 

c o u pli n g  h a s  t o  a  l ar g e  e xt e nt  b e e n  r e m o v e d  fr o m  t h e s e  v al u e s.  T h e 

a v er a g e d α A v al u e eff e cti v el y c a n c el s t h e C ori oli s c o u pli n g eff e ct f o u n d 

i n t h e i n di vi d u al α A v al u e s, a n d t h e a gr e e m e nt b et w e e n c o m p ut e d a n d 

e x p eri m e nt al v al u e s f or t hi s a v er a g e d v al u e i s e x c e pti o n al. T hi s i s li k el y 

f ort uit o u s i n t h at t h e a gr e e m e nt i s e v e n b ett er t h a n t h o s e f or t h e α B a n d 

α C a v e r a g e d  v al u e s.  T h e α B a n d α C v al u e s,  a s  w ell  a s  t h eir  a v er a g e d 

v al u e s, d e m o n str at e cl o s e a gr e e m e nt b et w e e n t h e or y a n d e x p eri m e nt. 

T h e i n erti al d ef e ct s f or t h e s e t w o vi br ati o n all y e x cit e d st at e s c h a n g e i n 

t h e e x p e ct e d m a n n er, i n cr e a si n g i n a b s ol ut e v al u e r el ati v e t o t h e gr o u n d 

st at e. T h e pr e di ct e d ζ v al u e s ar e al s o i n e x c ell e nt a gr e e m e nt wit h t h o s e 

d et er mi n e d e x p eri m e nt all y. T o g et h er, t hi s l e v el of a gr e e m e nt s u p p ort s 

t h e  n oti o n  t h at  C ori oli s  c o u pli n g  b et w e e n  t h e  st at e s  h a s  l ar g el y  b e e n 

a d dr e s s e d a p pr o pri at el y b y t h e c h o s e n C ori oli s t er m s. T h e r ot ati o n al a n d 

c e ntrif u g al  di st orti o n  c o n st a nt s  c a n  b e  e x p e ct e d  t o  b e  p h y si c all y 

m e a ni n gf ul f or t h e s e st at e s. 

T a bl e 1 

E x p eri m e nt al a n d c o m p ut ati o n al s p e ctr o s c o pi c c o n st a nt s f or t h e gr o u n d vi br ati o n al st at e of 2- c y a n o p yri di n e ( A- a n d S-r e d u c e d H a milt o ni a n s, I r r e p r e s e nt ati o n).  

S r e d u cti o n, I r r e p r e s e nt ati o n A r e d u cti o n, I r r e p r e s e nt ati o n  

C urr e nt w o r k B 3 L Y P a  C u r r e nt w o r k B 3 L Y P a 

A 0
( S) ( M H z)  5 8 3 7. 0 0 1 0 1 6 ( 8 4)  5 8 3 9. 6 A 0

( A) ( M H z)  5 8 3 7. 0 0 0 8 8 7 ( 8 3)  5 8 3 9. 6 

B 0
( S) ( M H z)  1 5 9 8. 2 3 2 2 1 7 ( 1 6)  1 5 9 6. 4 B 0

( A) ( M H z)  1 5 9 8. 2 3 3 4 5 7 ( 1 7)  1 5 9 6. 4 

C 0
( S) ( M H z)  1 2 5 4. 4 5 8 4 3 9 ( 1 7)  1 2 5 3. 4 C 0

( A) ( M H z)  1 2 5 4. 4 5 7 1 7 8 ( 1 4)  1 2 5 3. 4  

D J ( k H z)  0. 0 3 4 9 1 2 9 ( 1 5)  0. 0 3 3 8 Δ J ( k H z)  0. 0 4 7 3 5 7 0 ( 1 1)  0. 0 4 5 5 

D J K ( k H z)  1. 0 6 1 1 8 1 ( 1 3)  0. 9 9 9 Δ J K ( k H z)  0. 9 8 6 4 4 2 ( 1 2)  0. 9 3 0 

D K ( k H z)  0. 2 4 5 6 1 8 ( 7 9)  0. 2 7 9 Δ K ( k H z)  0. 3 0 7 9 0 5 ( 7 1)  0. 3 3 7 

d 1 ( k H z)  − 0. 0 1 1 4 9 0 6 3 ( 4 8)  − 0. 0 1 1 0 δ J ( k H z)  0. 0 1 1 4 8 8 5 3 ( 5 3)  0. 0 1 1 0 

d 2 ( k H z)  − 0. 0 0 6 2 2 4 9 4 ( 3 2)  − 0. 0 0 5 7 8 δ K ( k H z)  0. 6 3 8 9 2 6 ( 2 7)  0. 6 0 0  

H J ( H z)  − 0. 0 0 0 0 1 1 7 8 5 ( 6 3)  − 0. 0 0 0 0 1 1 0 Φ J ( H z)  0. 0 0 0 0 0 3 2 1 0 ( 2 6)  0. 0 0 0 0 0 2 2 4 

H J K ( H z)  0. 0 0 1 1 5 9 3 5 ( 6 1)  0. 0 0 0 9 9 7 Φ J K ( H z)  0. 0 0 1 6 8 2 2 ( 3 2)  0. 0 0 1 4 4 

H K J ( H z)  − 0. 0 0 6 3 1 4 7 ( 7 1)  − 0. 0 0 5 4 9 Φ K J ( H z)  − 0. 0 0 8 3 2 2 ( 1 4)  − 0. 0 0 7 1 7 

H K ( H z)  0. 0 0 6 0 4 4 ( 3 0)  0. 0 0 5 1 0 Φ K ( H z)  0. 0 0 7 5 2 6 ( 2 3)  0. 0 0 6 3 1 

h 1 ( H z)  0. 0 0 0 0 0 0 0 4 5 ( 1 2)  − 0. 0 0 0 0 0 0 1 9 5 ϕ J ( H z)  0. 0 0 0 0 0 1 3 9 0 ( 1 3)  0. 0 0 0 0 0 1 0 7 

h 2 ( H z)  0. 0 0 0 0 0 7 6 6 6 ( 2 7)  0. 0 0 0 0 0 6 6 3 ϕ J K ( H z)  0. 0 0 0 8 2 8 1 ( 1 9)  0. 0 0 0 7 3 0 

h 3 ( H z)  0. 0 0 0 0 0 1 5 1 1 ( 1 1)  0. 0 0 0 0 0 1 2 6 ϕ K ( H z)  0. 0 0 8 3 0 5 ( 5 7)  0. 0 0 7 0 3  

L J ( m H z)  0. 0 0 0 0 0 0 0 1 1 0 3 ( 9 2)  L J ( m H z)  [ 0. ]  

L J J K ( m H z)  − 0. 0 0 0 0 0 1 9 7 4 ( 1 2)  L J J K ( m H z)  − 0. 0 0 0 0 0 2 9 7 8 ( 9 1)  

L J K ( m H z)  0. 0 0 0 0 1 8 7 6 ( 1 2)  L J K ( m H z)  − 0. 0 0 0 0 1 4 0 ( 1 6)  

L K K J ( m H z)  − 0. 0 0 0 1 2 5 7 ( 1 4)  L K K J ( m H z)  − 0. 0 0 0 0 2 0 8 ( 4 8)  

L K ( m H z)  0. 0 0 0 0 7 4 1 ( 3 7)  L K ( m H z)  [ 0. ]  

l1 ( m H z)  [ 0. ]  lJ ( m H z)  [ 0. ]  

l2 ( m H z)  − 0. 0 0 0 0 0 0 0 0 7 5 6 ( 5 4)  lJ K ( m H z)  − 0. 0 0 0 0 0 1 1 7 5 ( 4 1)  

l3 ( m H z)  − 0. 0 0 0 0 0 0 0 0 2 9 5 ( 3 2)  lK J ( m H z)  − 0. 0 0 0 0 1 1 5 ( 1 6)  

l4 ( m H z)  − 0. 0 0 0 0 0 0 0 0 0 9 7 2 ( 8 6)  lK ( m H z)  − 0. 0 0 0 3 4 2 ( 1 8)   

N li n e s 
b 1 0, 6 0 6 c  N li n e s 

b 1 0, 6 0 6 c  

σ fit ( M H z)  0. 0 4 0  σ fit ( M H z)  0. 0 4 0  

Δ i ( u Å2 ) d  0. 0 7 3 0 6 9 ( 6)  Δ i ( u Å2 ) d  0. 0 7 3 7 1 7 ( 6)   

a C al c ul ati o n at t h e B 3 L Y P / 6 – 3 1 1 + G( 2 d, p) l e v el. 
b N u m b e r of i n d e p e n d e nt tr a n siti o n fr e q u e n ci e s. 
c I n cl u d e s t r a n siti o n s fr o m D or ai s w a m y a n d S h ar m a [ 1 8 ] . 
d I n e rti al d ef e ct (Δ i = Ic − Ia − Ib ), c al c ul at e d u si n g P L A N M. 

Fi g. 6. Vi br ati o n al e n er g y l e v el s of 2- c y a n o p yri di n e b el o w 5 5 0 c m − 1 . F u n d a-

m e nt al e n er gi e s ar e e x p eri m e nt al [ 1 9 ] , w hil e o v ert o n e a n d c o m bi n ati o n st at e s 

ar e e sti m at e d. T h e v al u e of Δ E 3 0, 2 1 r e s ult s f r o m t h e e x p eri m e nt al p e rt ur b ati o n 

a n al y si s of ν 3 0 a n d ν 2 1 i n t hi s w o r k. 

P. M. D or m a n et al.                                                                                                                                                                                                                             
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Fi g. 7. D at a di stri b uti o n pl ot s f or t h e l e a st- s q u ar e s fit of s p e ctr o s c o pi c d at a f or t h e l o w e st- e n er g y f u n d a m e nt al st at e s of 2- c y a n o p yri di n e, ν 3 0 ( p u r pl e) a n d ν 2 1 ( g r e e n). 

T h e si z e of t h e o utli n e d cir cl e s i n t hi s pl ot c orr e s p o n d s t o |( fo bs. – fc al c. ) /δ f |, w h e r e δ f i s t h e m e a s ur e m e nt u n c ert ai nt y a n d all q u oti e nt v al u e s ar e l e s s t h a n 3. 

P. M. D or m a n et al.                                                                                                                                                                                                                             
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4. Interpretation and analysis of resonances 

The least-squares fit of the 2-cyanopyridine dyad includes several 
local resonances like those shown in Fig. 8, which involve pairs of 
rotational energy levels separated by Ka 4 between the two vibra
tional states. Fig. 9 demonstrates the progression of the undulations and 

resonances present in 30. As visible in the plot, both the local resonances 
and undulations trend significantly larger as Ka increases, and the 
former are not noticeable at all in the lowest Ka series. The series that 
contain large resonances, e.g., Ka 14 , are very important for good 
determination of the coupling terms and precise determination of the 
energy separation. As many of these resonances are found at frequencies 
beyond 410 GHz, spectral coverage up to 750 GHz was beneficial to 
achieve a thorough analysis of this dyad. Most of the transitions corre
sponding to the large local resonances shown in Fig. 9 (and in the 
interlacing odd Ka series, which are not explicitly shown in the figure, as 
well as those of 21) have been measured, assigned, and successfully 
incorporated into the regression analysis. On the other hand, we were 
not able to conclusively find or include any nominal interstate transi
tions, and indeed these are predicted to be rather weak for this dyad. 

5. Discussion 

The B3LYP/6 311 G(2d,p) predicted constants have proven to 
reliably estimate the rotational, quartic centrifugal distortion, and sextic 
centrifugal distortion constants of the ground vibrational state. Table 4 
presents a comparison of the ground-state spectroscopic constants of the 
analogous molecules 2-cyanopyridine, 3-cyanopyridine [1], 4-cyano
pyridine [2], 2-cyanopyrimidine [4], cyanopyrazine [5], and benzoni
trile [32,33] to provide insight into the physical meaningfulness of these 
constants. As a consequence of the different frequency ranges over 
which these spectra were analyzed (2-cyanopyrimidine: 130 500 GHz, 
2-cyanopyridine: 130 750 GHz, with relatively few measured transi
tions above 500 GHz, and the remaining molecules: 130 360 GHz), 
many of the spectroscopic constants of 2-cyanopyridine and 2-cyanopyr
imidine are determined more precisely. The extensive frequency range 

Table 2 
Spectroscopic constants for the coupled dyad of 2-cyanopyridine (A-reduced Hamiltonian, Ir representation).   

Ground State 30 (A , 154 cm 1)a,b 
21 (A , 175 cm 1)a,b 

Av
(A) (MHz)  5837.000887 (83)  5838.259 (54)  5833.638 (54) 

Bv
(A) (MHz)  1598.233457 (17)  1600.017759 (18)  1601.240899 (20) 

Cv
(A) (MHz)  1254.457178 (14)  1256.400750 (19)  1255.331832 (22)  

J (kHz)  0.0473570 (11)  0.04816617 (89)  0.04834711 (97) 
JK (kHz)  0.986442 (12)  1.0273 (44)  0.9229 (44) 
K (kHz)  0.307905 (71)  0.17783 (100)  0.48236 (100) 
J (kHz)  0.01148853 (53)  0.01156245 (22)  0.01186675 (29) 
K (kHz)  0.638926 (27)  0.639238 (23)  0.642574 (23)  

J (Hz)  0.000003210 (26)  0.000003652 (16)  0.000003529 (18) 
JK (Hz)  0.0016822 (32)  0.0016733 (51)  0.0016713 (51) 
KJ (Hz)  0.008322 (14)  0.007659 (28)  0.008755 (29) 
K (Hz)  0.007526 (23)  [0.007526]  [0.007526] 
J (Hz)  0.000001390 (13)  [0.000001390]  [0.000001390] 
JK (Hz)  0.0008281 (19)  [0.0008281]  [0.0008281] 
K (Hz)  0.008305 (57)  [0.008305]  [0.008305]  

E30,21 (MHz)   795178.89 (12) 
E30,21 (cm 1)   26.5243126 (40) 

Ga (MHz)   9902.3 (22) 
Ga

J (MHz)   0.00613 (18) 
Ga

K (MHz)   0.004721 (45) 
Ga

JJ (MHz)   0.00000000260 (22) 
Fbc (MHz)   0.4308 (11) 
Fbc

J (kHz)   0.000000509 (89) 
Gb (MHz)   48.426 (21) 
Gb

J (MHz)   0.0000753 (12)  

Nlines
c 10,606  6603  5877 

fit (MHz)  0.040  0.042  0.041 
i (uÅ2)d  0.073069 (6)  0.17820 (80)  0.33701 (80)  

a Condensed-phase fundamental frequencies from reference [19]. 
b Bracketed values held constant at their respective ground-state value, all octic centrifugal distortion parameters (not shown) were held constant at their 

respective ground-state values. 
c Number of independent transition frequencies. 
d Inertial defect ( i Ic Ia Ib) calculated from the Bv constants using PLANM. 

Table 3 
Experimental and computed vibration rotation interaction constants, Coriolis- 
coupling constants, energy separation, and averaged vibration rotation inter
action constants for excited vibrational states 30 and 21 of 2-cyanopyridine.   

Experimental B3LYPa obs. calc. 

A0 A30 (MHz)  1.258 (54)  105.5  106. 8 
B0 B30 (MHz)  1.78302 (25)  1.75  0.034 
C0 C30 (MHz)  1.94375 (24)  1.92  0.024  

A0 A21 (MHz)  3.363 (54)  103.4  106.7 
B0 B21 (MHz)  3.007442 (26)  2.86  0.147 
C0 C21 (MHz)  0.874654 (26)  0.82  0.055  

A0 A30 A0 A21

2
(MHz)  

1.052 (76)  1.05  0.002 

B0 B30 B0 B21

2
(MHz)  

2.395872 (36)  2.31  0.091 

C0 C30 C0 C21

2
(MHz)  

1.409113 (35)  1.37  0.039  

a
30 21

0.84824 (19)  0.819  0.021 

b
30 21

0.0151499 (66)  0.0181  0.0075 

E30,21 (cm 1)  26.5243126 (40)  32.7  6.2  

a Evaluated with the 6-311 G(2d,p) basis set. 

P.M. Dorman et al.                                                                                                                                                                                                                             
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a n al y z e d i n b ot h w or k s, h o w e v er, still d o e s n ot pr o vi d e e n o u g h i nf or -

m ati o n t o d et er mi n e a f ull s et of o cti c t er m s. O nl y f or 2- c y a n o p yri di n e 

c o ul d a n y off- di a g o n al o cti c c o n st a nt s b e d et er mi n e d. Wit h t h e e x c e p -

ti o n of t h e S-r e d u cti o n l e a st- s q u ar e s fit of 2- c y a n o p yri di n e, at l e a st o n e 

o n- di a g o n al o cti c c o n st a nt n e e d e d t o b e h el d at a v al u e of z er o f or all of 

t h e  c y a n o ar e n e s. T h e si x m ol e c ul e s  ar e str u ct ur all y a n al o g o u s, s o t h e 

c o n si st e n c y  i n  si g n  a n d  or d er- of- m a g nit u d e  a cr o s s  r e s p e cti v e  s p e ctr o -

s c o pi c c o n st a nt s i s e x p e ct e d, b ut n o n et h el e s s n ot e w ort h y. T h e si g n s a n d 

m a g nit u d e s ar e q uit e c o n si st e nt a cr o s s t hi s s et of m ol e c ul e s f or a n y gi v e n 

c o n st a nt. T h e l ar g e st a n d s m all e st r ot ati o n al c o n st a nt s ar e wit hi n 7 % of 

o n e a n ot h er, t h e q u arti c c e ntrif u g al di st orti o n c o n st a nt s ar e wit hi n 3 5 %, 

a n d  t h e  s e xti c  t er m s  ar e  wit hi n  3 7 %  ( e x c e pt Φ J ,  w h o s e  s m all e st  a n d 

l ar g e st v al u e s ar e wit hi n 5 3 %). Di s cr e p a n ci e s i n t h e o cti c c e ntrif u g al 

di st orti o n t er m s ar e l ar g er, a s e x p e ct e d. I n p arti c ul ar, t h e v al u e of L J K i s 

q uit e c o n si st e nt a cr o s s all m ol e c ul e s f or w hi c h it w a s d et er mi n e d e x c e pt 

2- c y a n o p yri di n e,  w h er e  it  i s  d et er mi n e d  wit h  t h e  o p p o sit e  si g n 

(T a bl e 4 ). T hi s u ni q u e diff er e n c e c o ul d i n di c at e a n err or i n t h e d et er -

mi n ati o n of t hi s c o n st a nt f or 2- c y a n o p yri di n e. It i s m or e li k el y, h o w e v er, 

t h at t h e si g n diff er e n c e i s d u e t o t h e d et er mi n ati o n of off- di a g o n al o cti c 

c e ntrif u g al di st orti o n t er m s f or 2- c y a n o p yri di n e, a n d t h e l a c k t h er e of f or 

a n y of t h e ot h er m ol e c ul e s. I n d e e d, if t h e off- di a g o n al o cti c t er m s ar e 

h el d c o n st a nt at v al u e s of z er o, L J K b e c o m e s p o siti v e f or 2- c y a n o p yri -

di n e, b ut n u m er o u s tr a n siti o n s h a v e t o b e r ej e ct e d, i n di c ati n g t h e n e -

c e s sit y of t h e s e t er m s i n t h e l e a st- s q u ar e s fit. It i s t h er ef or e p o s si bl e t h at 

t h e si g n di s cr e p a n c y a ct u all y i n di c at e s t h at t h e L J K v al u e s d et e r mi n e d 

f or  t h e  ot h er  f o ur  m ol e c ul e s  ar e  n ot  p h y si c all y  m e a ni n gf ul. 

U nf ort u n at el y, it w o ul d b e n e c e s s ar y t o d et er mi n e t h e f ull s et of o cti c 

c e ntrif u g al di st orti o n c o n st a nt s i n or d er t o c o n cl u d e w hi c h of t h e p o s -

si biliti e s i s t h e c a s e. T h e o nl y c o n cl u si o n t h at c a n b e dr a w n fr o m t h e 

a v ail a bl e d at a i s t h at t h e di st orti o n c o n st a nt s d et er mi n e d i n a n y s et, e. g. , 

q u arti c, s e xti c, or o cti c, i n w hi c h a n y c o n st a nt s ar e h el d t o a v al u e of z er o 

s h o ul d b e c o n si d er e d s o m e w h at e m piri c al a n d n ot n e c e s s aril y p h y si c all y 

m e a ni n gf ul. S u c h a li mit ati o n pr o vi d e s f urt h er m oti v ati o n f or c o m p u -

t ati o n al pr e di cti o n of t h e o cti c c e ntrif u g al di st orti o n c o n st a nt s. 

T h e C ori oli s- c o u pli n g t er m s of t h e a n al o g o u s c o u pl e d d y a d s of 2- c y a -

n o p yri di n e, 3- c y a n o p yri di n e [ 1 ] , 4- c y a n o p yri di n e [ 2 ] , 2- c y a n o p yri mi-

di n e [ 4 ] ,  c y a n o p yr a zi n e [ 5 ] ,  a n d  b e n z o nitril e [ 3 2, 3 3 ] ,  ar e  c o m p ar e d 

i n T a bl e 5 . It i s i m p ort a nt t o n ot e t h at o nl y a - a xi s c o u pli n g e xi st s f or t h e 

d y a d s of b e n z o nitril e, 4- c y a n o p yri di n e, a n d 2- c y a n o p yri mi di n e d u e t o 

t h eir m ol e c ul ar s y m m etr y, i. e. C2 v , a n d t h e y a r e gr o u p e d a c c or di n gl y. 

R e a s o n a bl y, t h e e n er g y s e p ar ati o n s b et w e e n t h e i n- pl a n e (i p) a n d o ut- of- 

pl a n e ( o o p) nitril e b e n di n g m o d e s v ar y a cr o s s t h e diff er e nt s p e ci e s, b ut 

t h e  c o u pli n g  t er m s  s h o w  a  f air  d e gr e e  of  si mil arit y.  T h e  d o mi n a nt 

c o u pli n g  t er m  i n  t h e s e  d y a d s, G a ,  i s  ~ 1 0, 0 0 0  M H z,  w hil e G J
a i s  n e a r 

− 0. 0 0 5 M H z  a n d F b c i s  a p p r o xi m at el y − 0. 4  M H z. T h e s e  o b s er v ati o n s 

w o ul d  s e e m  t o  s u g g e st  t h at  t h e  d et er mi n e d  v al u e s  ar e  p h y si c all y 

m e a ni n gf ul. Wit hi n t hi s gr o u p of m ol e c ul e s, t h er e i s s o m e v ari ati o n i n 

t h e  p arti c ul ar  c o u pli n g  t er m s  t h at  w er e  a bl e  t o  b e  d et er mi n e d.  F or 

m ol e c ul e s i n w hi c h li k e t er m s w er e d et er mi n e d, t h e si g n s of t h e d et er -

mi n e d  v al u e s  ar e  l ar g el y  c o n si st e nt.  T h e b - a xi s  c o u pli n g  t er m s  s h o w 

si mil ar a gr e e m e nt a cr o s s t h e i n v e sti g at e d m ol e c ul e s. 

6.  C o n cl u si o n 

T h e s p e ctr o s c o pi c i n v e sti g ati o n of 2- c y a n o p yri di n e pr e s e nt e d i n t hi s 

w or k,  c o m bi n e d  wit h  c o m p ut ati o n al  e sti m at e s  of  n u cl e ar  q u a dr u p ol e 

c o u pli n g  c o n st a nt s  a n d  pr e vi o u s  e x p eri m e nt al  m e a s ur e m e nt s  of  t h e 

ot h er  c y a n o p yri di n e s,  pr o vi d e  a  s uf fi ci e nt  b a si s  f or  a n  a str o n o mi c al 

s e ar c h f or t h e s eri e s of i s o m eri c c y a n o- s u b stit ut e d p yri di n e s [ 1, 2, 3 5 ] . 

T h e d et e cti o n of p yri di n e, or a n y of it s d eri v ati v e s, i n e xtr at err e stri al 

e n vir o n m e nt s w o ul d b e a s u b st a nti al br e a kt hr o u g h f or t h e a str o c h e m -

i c al  c o m m u nit y.  T h e  br o a d  fr e q u e n c y  c o v er a g e  a n d  l ar g e  n u m b er  of 

o b s er v e d r ot ati o n al tr a n siti o n s e n a bl e s a d et er mi n ati o n of s p e ctr o s c o pi c 

c o n st a nt s t h at ar e e x p e ct e d t o pr e di ct tr a n siti o n fr e q u e n ci e s v er y w ell t o 

hi g h er a n d l o w er fr e q u e n ci e s. T h e a bilit y t o e xtr a p ol at e t o hi g h er fr e -

q u e n c y  ari s e s,  i n  p art,  d u e  t o  t h e b -t y p e  tr a n siti o n s  t h at  d o mi n at e  at 

hi g h er  fr e q u e n c y  a n d  s h ar e  e n er g y  l e v el s  wit h a -t y p e  tr a n siti o n s 

i n cl u d e d  i n  t h e  c urr e nt  d at a  s et.  N ot  o nl y  w a s  t h e  br o a d  fr e q u e n c y 

c o v er a g e h el pf ul f or a n al y si s of t h e gr o u n d st at e, b ut it all o w e d f or a n 

e x c ell e nt  d et er mi n ati o n  of  t h e  s p e ctr o s c o pi c  c o n st a nt s  of  t h e  c o u pl e d 

d y a d of vi br ati o n all y e x cit e d st at e s ν 3 0 a n d ν 2 1 . A l e a st- s q u ar e s fit w o ul d 

h a v e  b e e n  p o s si bl e  fr o m  l o w er-fr e q u e n c y  d at a,  b ut  t h e  c o u pli n g  w a s 

m or e  pr e ci s el y  c o n str ai n e d  b y  i n cl u di n g  t h e  r e s o n a nt  tr a n siti o n s  t h at 

o c c urr e d b e y o n d 4 1 0 G H z. 

O ur  r e c e nt w or k  o n  t h e  s p e ctr o s c o p y  of  c y a n o- ar e n e s [ 1 – 5, 3 2, 3 3 ] 

pr o vi d e s  m oti v ati o n  f or  t h e  c o nti n u e d  d e v el o p m e nt  of  c o m p ut ati o n al 

pr e di cti o n s of hi g h er- or d er c e ntrif u g al di st orti o n t er m s at t h e o cti c l e v el. 

T h e v er y l ar g e d at a s et s t h at i n cl u d e tr a n siti o n s at hi g h J a n d K r e q uir e 

m a n y c e ntrif u g al di st orti o n c o n st a nt s t o a c hi e v e a l o w- err or fit. Wit h t h e 

i n c o m pl et e d et er mi n ati o n of c o n st a nt s at t hi s l e v el, c o m p ut e d c o n st a nt s 

ar e n e e d e d t o pr o vi d e a r e a s o n a bl e b e n c h m ar k a n d e vi d e n c e t h at t h e 

e x p eri m e nt al  c o n st a nt s  ar e  li k el y  t o  h a v e  p h y si c al  m e a ni n g.  St at e- 

s p e ci fi c  q u arti c  c e ntrif u g al  di st orti o n  c o n st a nt s  h a v e  r e c e ntl y  b e e n 

d et er mi n e d  f or  vi br ati o n all y  e x cit e d  st at e s  of  t h e  1, 2, 3-tri a z ol e s [ 3 6 ] 

a n d  h a d  b e e n  d et er mi n e d  pr e vi o u sl y  f or  ot h er  s m all er  m ol e c ul e s. 

D e s pit e t h e s e a d v a n c e s i n pr e di cti n g q u arti c c e ntrif u g al di st orti o n c o n -

st a nt s, t h e i n a bilit y t o c o n v e ni e ntl y pr e di ct t h e q u arti c a n d s e xti c c e n -

trif u g al  di st orti o n  c o n st a nt s  f or  vi br ati o n all y  e x cit e d  st at e s  li mit s  t h e 

a bilit y t o a s s e s s t h e q u alit y of t h e tr e at m e nt of t h e C ori oli s c o u pli n g i n 

t h e vi br ati o n all y e x cit e d st at e s. A d diti o n all y, a r o uti n e m et h o d h a s n ot 

b e e n  d e v el o p e d  t o  pr e di ct  hi g h er- or d er  C ori oli s- c o u pli n g  t er m s  t h at 

Fi g. 8. R e s o n a n c e pl ot s f or 2- c y a n o p yri di n e s h o wi n g t h e K a = 1 6 − s e ri e s f o r ν 3 0 

a n d K a = 1 2 + s e ri e s f o r ν 2 1 . T hi s r e s o n a n c e c o nf or m s t o t h e Δ K a = 4 s el e cti o n 

r ul e  f or a -t y p e  C ori oli s  i nt er a cti o n s.  T h e  pl ott e d  v al u e s  ar e  fr e q u e n c y  diff er-

e n c e s  b et w e e n  e x cit e d- st at e  tr a n siti o n s  a n d  t h eir  gr o u n d- st at e  c o u nt er p art s, 

s c al e d b y ( J ″ + 1) i n or d er t o m a k e t h e pl ot s m or e h ori z o nt al. M e a s ur e d tr a n -

siti o n s ar e r e pr e s e nt e d b y cir cl e s: ν 3 0 ( p u r pl e), ν 2 1 ( g r e e n). P r e di cti o n s fr o m t h e 

c o u pl e d l e a st- s q u ar e s fit ar e r e pr e s e nt e d b y a s oli d, c ol or e d li n e. 
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Fi g. 9. S u p eri m p o s e d r e s o n a n c e pl ot s of ν 3 0 f o r a R 0, 1 e v e n- K a
+ s e ri e s f r o m 2 t o 3 0 f or 2- c y a n o p yri di n e. M e a s ur e d tr a n siti o n s ar e o mitt e d f or cl arit y, b ut t h e y ar e 

i n di sti n g ui s h a bl e  fr o m  t h e  pl ott e d  v al u e s  o n  t hi s  s c al e.  T h e  pl ott e d  v al u e s  ar e  fr e q u e n c y  diff er e n c e s  b et w e e n  e x cit e d- st at e  tr a n siti o n s  a n d  t h eir  gr o u n d- st at e 

c o u nt er p art s, s c al e d b y ( J ″ + 1). 

T a bl e 4 

S p e ctr o s c o pi c c o n st a nt s f or t h e gr o u n d vi br ati o n al st at e s of 2- c y a n o p yri di n e, 3- c y a n o p yri di n e, 4- c y a n o p yri di n e, 2- c y a n o p yri mi di n e, c y a n o p yr a zi n e, a n d b e n z o nitril e 

( A-r e d u c e d H a milt o ni a n, I r r e p r e s e nt ati o n).   

2- c y a n o p yri di n e  3- c y a n o p yri di n e [ 1 ] 4- c y a n o p yri di n e [ 2 ] 2- c y a n o p yri mi di n e [ 4 ] c y a n o p yr a zi n e [ 5 ] b e n z o nitril e [ 3 2 ] 

A 0
( A) ( M H z)   5 8 3 7. 0 0 0 8 8 7 ( 8 3)   5 8 2 3. 0 5 8 3 2 ( 1 1)   6 0 0 0. 6 7 0 2 8 ( 9 1)   6 0 4 3. 4 5 3 9 ( 1 2)  6 0 0 3. 1 2 8 2 2 ( 5 8)   5 6 5 5. 2 6 5 4 2 8 ( 8 2) 

B 0
( A) ( M H z)   1 5 9 8. 2 3 3 4 5 7 ( 1 7)   1 5 7 1. 3 5 1 8 9 6 ( 3 0)   1 5 4 1. 1 8 0 0 7 8 ( 1 2)   1 6 5 1. 1 4 0 6 0 9 ( 3 6)   1 6 2 1. 5 1 8 8 0 6 ( 2 4)   1 5 4 6. 8 7 5 7 7 1 5 ( 8 0) 

C 0
( A) ( M H z)   1 2 5 4. 4 5 7 1 7 8 ( 1 4)   1 2 3 7. 1 6 9 9 8 0 ( 2 3)   1 2 2 5. 9 9 9 6 6 6 ( 1 1)   1 2 9 6. 6 3 9 9 0 5 ( 3 9)   1 2 7 6. 4 2 7 1 5 5 ( 2 5)   1 2 1 4. 4 0 4 0 8 3 2 ( 6 9)  

Δ J ( k H z)   0. 0 4 7 3 5 7 0 ( 1 1)   0. 0 4 6 4 8 8 4 ( 3 0)   0. 0 4 6 9 9 9 7 ( 2 6)   0. 0 4 8 3 0 5 6 ( 2 2)  0. 0 4 9 2 5 9 4 ( 1 9)  0. 0 4 5 2 8 5 8 ( 1 4) 

Δ J K ( k H z)   0. 9 8 6 4 4 2 ( 1 2)  1. 0 6 3 7 4 2 ( 2 8)  0. 9 7 7 7 1 9 ( 4 7)   1. 0 3 7 5 0 2 ( 2 5)  1. 1 0 2 4 1 5 ( 2 4)  0. 9 3 7 9 8 3 ( 2 0) 

Δ K ( k H z)   0. 3 0 7 9 0 5 ( 7 1)  0. 2 3 3 6 6 ( 1 6)  0. 3 3 1 9 ( 2 7)  0. 3 6 0 8 ( 1 8)  0. 3 5 2 5 ( 1 3)  0. 2 4 4 1 1 ( 7 5) 

δ J ( k H z)  0. 0 1 1 4 8 8 5 3 ( 5 3)   0. 0 1 1 0 9 5 5 ( 1 3)   0. 0 1 1 0 3 7 1 4 ( 5 3)   0. 0 1 1 5 4 4 2 7 ( 8 6)   0. 0 1 1 8 2 9 0 9 ( 6 0)   0. 0 1 1 0 1 1 1 6 ( 5 4) 

δ K ( k H z)   0. 6 3 8 9 2 6 ( 2 7)  0. 6 7 3 7 1 2 ( 3 4)  0. 6 4 5 5 3 ( 1 7)  0. 6 6 0 6 8 7 ( 5 6)  0. 7 0 2 6 6 8 ( 4 2)  0. 6 0 9 1 8 7 ( 6 5)  

Φ J ( H z)  0. 0 0 0 0 0 3 2 1 0 ( 2 6)   0. 0 0 0 0 0 3 6 0 ( 1 2)   0. 0 0 0 0 0 2 9 5 ( 1 1)   0. 0 0 0 0 0 1 7 1 6 ( 8 4)   0. 0 0 0 0 0 1 7 9 7 ( 7 4)   0. 0 0 0 0 0 2 4 8 6 ( 6 0) 

Φ J K ( H z)   0. 0 0 1 6 8 2 2 ( 3 2)   0. 0 0 1 8 5 0 4 ( 4 7)   0. 0 0 1 7 1 8 ( 1 1)   0. 0 0 1 7 3 2 3 ( 2 4)  0. 0 0 1 9 7 1 3 ( 1 8)  0. 0 0 1 5 5 8 6 ( 4 1) 

Φ K J ( H z)  − 0. 0 0 8 3 2 2 ( 1 4)  − 0. 0 0 9 1 9 9 ( 2 1)  − 0. 0 0 9 2 4 5 ( 4 7)  − 0. 0 0 8 5 0 5 ( 1 5)  − 0. 0 0 9 8 0 3 ( 1 5)  − 0. 0 0 7 8 6 3 ( 1 6) 

Φ K ( H z)  0. 0 0 7 5 2 6 ( 2 3)  0. 0 0 7 4 8 8 ( 6 9)   [ 0. 0 0 7 0 8 ] a  0. 0 1 0 7 ( 1 0)  0. 0 1 0 9 7 ( 8 3)  [ 0. 0 0 6 6 9 1 5 ] a 

ϕ J ( H z)  0. 0 0 0 0 0 1 3 9 0 ( 1 3)   0. 0 0 0 0 0 1 2 1 3 ( 5 8)   [ 0. 0 0 0 0 0 1 1 6 ] a  0. 0 0 0 0 0 1 2 2 6 ( 1 9)   0. 0 0 0 0 0 1 8 4 4 ( 1 5)   0. 0 0 0 0 0 1 1 5 9 ( 2 6) 

ϕ J K ( H z)   0. 0 0 0 8 2 8 1 ( 1 9)   0. 0 0 0 9 0 8 1 ( 2 6)   0. 0 0 0 7 9 9 7 ( 7 1)   0. 0 0 0 8 0 2 1 ( 1 5)  0. 0 0 0 9 2 0 4 ( 1 1)  0. 0 0 0 7 3 9 8 ( 2 4) 

ϕ K ( H z)  0. 0 0 8 3 0 5 ( 5 7)  0. 0 0 9 0 4 5 ( 6 5)  0. 0 0 8 5 0 ( 2 2)  0. 0 0 8 2 5 8 ( 3 4)  0. 0 0 9 5 8 0 ( 3 1)  0. 0 0 7 4 8 0 ( 6 7)  

L J ( m H z)   [ 0. ]  [ 0. ]  [ 0. ]  0. 0 0 0 0 0 0 0 1 6 7 ( 1 2)   0. 0 0 0 0 0 0 0 3 6 1 ( 1 0)   [ 0. ] 

L J J K ( m H z)  − 0. 0 0 0 0 0 2 9 7 8 ( 9 1)  − 0. 0 0 0 0 0 2 4 2 ( 1 0)  − 0. 0 0 0 0 0 3 2 4 ( 1 2)  − 0. 0 0 0 0 0 2 4 0 9 ( 1 7)  − 0. 0 0 0 0 0 2 9 7 2 ( 1 5)  − 0. 0 0 0 0 0 2 1 9 8 ( 3 9) 

L J K ( m H z)  − 0. 0 0 0 0 1 4 0 ( 1 6)   0. 0 0 0 0 1 7 5 4 ( 6 1)   0. 0 0 0 0 1 3 9 1 ( 9 3)   0. 0 0 0 0 1 4 4 8 ( 2 2)   0. 0 0 0 0 1 7 9 5 ( 1 9)   [ 0. ] 

L K K J ( m H z)  − 0. 0 0 0 0 2 0 8 ( 4 8)  − 0. 0 0 0 1 4 0 7 ( 3 4)  − 0. 0 0 0 0 9 9 1 ( 8 6)  − 0. 0 0 0 1 1 4 9 ( 3 1)  − 0. 0 0 0 1 1 5 3 ( 2 6)  − 0. 0 0 0 0 4 6 4 ( 1 8) 

L K ( m H z)   [ 0. ]  [ 0. ]  [ 0. ]  [ 0. ]  [ 0. ]  0. 0 0 4 5 0 1 ( 7 8)  

a T e r m h el d c o n st a nt at t h e c o m p ut ati o n all y pr e di ct e d v al u e. 
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include centrifugal distortion. Without computational predictions of 
higher-order coupling terms and centrifugal distortion constants for the 
vibrationally excited states, and considering the difficulty of acquiring a 
converging, low-error, least-squares fit that incorporates resonant 
transitions but minimizes absorption of perturbation into rotational and 
centrifugal distortion constants, it is difficult in reality, likely impos
sible to assess whether the values obtained from the least-squares fit 
are physically meaningful. At the present time, the spectroscopic con
stants that cannot be predicted have to be judged either by their ability 
to predict the perturbed rotational spectra or by comparison to analo
gous systems in similar molecules. This situation highlights the need for 
continued advances in computational predictions of spectroscopic 
constants. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The data are available in the manuscript and Supplementary 
Materials. 

Acknowledgements 

We gratefully acknowledge the National Science Foundation for 
support of this project (CHE-1664912 and CHE-1954270). P.M.D thanks 
the University of Wisconsin Madison Graduate School for support as an 
Advanced Opportunity Fellow. 

Appendix A. Supplementary material 

Supplementary material includes computational output files and 
least-squares fitting files of 2-cyanopyridine. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jms.2023.111842. 

References 

[1] P.M. Dorman, B.J. Esselman, R.C. Woods, R.J. McMahon, An analysis of the 
rotational ground state and lowest-energy vibrationally excited dyad of 3-cyano
pyridine: Low symmetry reveals rich complexity of perturbations, couplings, and 
interstate transitions, J. Mol. Spectrosc. 373 (2020), 111373. 

[2] P.M. Dorman, B.J. Esselman, J.E. Park, R.C. Woods, R.J. McMahon, Millimeter- 
Wave Spectrum of 4-Cyanopyridine in its Ground State and Lowest-Energy 
Vibrationally Excited Dyad, 20 and 30, J. Mol. Spectrosc. 369 (2020), 111274. 

[3] B.J. Esselman, M.A. Zdanovskaia, W.H. Styers, A.N. Owen, S.M. Kougias, B. 
E. Billinghurst, J. Zhao, R.C. Woods, R.J. McMahon, Millimeter-Wave and High- 
Resolution Infrared Spectroscopy of 2-Furonitrile A Highly Polar Substituted 
Furan, J. Phys. Chem. A 127 (2023) 1909 1922. 

[4] H.H. Smith, B.J. Esselman, M.A. Zdanovskaia, R.C. Woods, R.J. McMahon, The 
130 500 GHz rotational spectrum of 2-cyanopyrimidine, J. Mol. Spectrosc. 391 
(2023), 111737. 

[5] B.J. Esselman, M.A. Zdanovskaia, H.H. Smith, R.C. Woods, R.J. McMahon, The 
130 500 GHz rotational spectroscopy of cyanopyrazine (C4H3N2-CN), J. Mol. 
Spectrosc. 389 (2022), 111703. 

[6] B.A. McGuire, A.M. Burkhardt, S.V. Kalenskii, C.N. Shingledecker, A.J. Remijan, 
E. Herbst, M.C. McCarthy, Detection of the Aromatic Molecule Benzonitrile (c- 
C6H5CN) in the Interstellar Medium, Science 359 (2018) 202 205. 

[7] M.L. Sita, P.B. Changala, C. Xue, A.M. Burkhardt, C.N. Shingledecker, K.L. Kelvin 
Lee, R.A. Loomis, E. Momjian, M.A. Siebert, D. Gupta, E. Herbst, A.J. Remijan, M. 
C. McCarthy, I.R. Cooke, B.A. McGuire, Discovery of Interstellar 2-Cyanoindene 
(2 C9H7CN) in GOTHAM Observations of TMC-1, Astrophys. J. Lett. 938 (2022) 
L12. 

[8] B.A. McGuire, R.A. Loomis, A.M. Burkhardt, K.L.K. Lee, C.N. Shingledecker, S. 
B. Charnley, I.R. Cooke, M.A. Cordiner, E. Herbst, S. Kalenskii, M.A. Siebert, E. 
R. Willis, C. Xue, A.J. Remijan, M.C. McCarthy, Detection of two interstellar 
polycyclic aromatic hydrocarbons via spectral matched filtering, Science 371 
(2021) 1265 1269. 

[9] J. Cernicharo, A.M. Heras, A.G.G.M. Tielens, J.R. Pardo, F. Herpin, M. Guélin, L.B. 
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