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peroxy radical C2H5O2

Gabriel M. P. Just,1 Patrick Rupper,1 Terry A. Miller,1a) and W. Leo Meerts2
1 Department o f  Chemistry, Laser Spectroscopy Facility, The Ohio State University, 120 W. 18th Avenue,
Columbus Ohio 43210, USA
2Molecular and Biophysics Group, Institute fo r  Molecules and Materials, Radboud University, Nijmegen 
P. O. Box 9010, NL-6500 GL Nijmegen, The Netherlands

(R eceived  14 S ep tem ber 2009; accep ted  21 O ctober 2009; pub lished  on line 11 N ovem ber 2009)

W e h av e  reco rded  h igh  reso lu tion , p a rtia lly  ro ta tiona lly  reso lved , je t-co o led  cav ity  ringdow n  spectra 

o f  th e  orig in  band  o f  the A  - X  e lec tron ic  transition  o f  bo th  th e  G  and T  confo rm ers o f  the perpro teo  
and  perdeu tero  iso topo logues o f  the ethy l p e roxy  rad ica l, C 2H 5O 2. T his transition , loca ted  in the 
near infrared , w as stud ied  using  a narrow  band  laser source (S 2 5 0  M H z) and a superson ic  slit-jet 
expansion  coup led  w ith  an elec tric  d ischarge  allow ing  us to  ob tain  ro ta tional tem pera tu res o f  about 
15 K . A ll four spectra  h ave  been  successfu lly  sim ula ted  using  an evo lu tionary  a lgo rithm  approach  
w ith  a H am ilton ian  inc lud ing  ro ta tional and sp in -ro ta tional term s. E xce llen t ag reem en t w ith  the 
experim en ta l spectra  w as ob ta ined  b y  fitting seven m olecu lar param eters in  each  g round  and the first 
exc ited  elec tron ic  states as w ell as the band  orig in  o f  the elec tron ic  transition . T his analysis 
unam biguously  confirm s th e  assignm ent o f  the low er frequency  orig in  band  to  th e  G  con fo rm er and 
th e  h igher frequency  one to the T  conform er. © 2 0 0 9  A m e r ic a n  In s t i tu te  o f  P h y s ic s .
[doi: 10 .1063 /1 .3262612]

I. INTRODUCTION

P eroxy  rad ica ls (R O 2-) p lay  a crucia l ro le  in atm ospheric  
chem istry  and in low  tem pera tu re  com bustion , w h ich  has 
been  d iscussed  in several overv iew  artic les .1- 4 A  fundam en­
tal key  to the understand ing  o f  the chem istry  o f  gas phase 
reactions involv ing  such  reac tiv e  species is the ability  to
m onito r th e  p resence  and concen tra tions o f  reac tive  in term e-

5—7diates in these  reactions. D u e  to th e  stringen t dem ands for 
sensitiv ity  and  selectiv ity , the techniques o f  cho ice  are  u su ­
ally  spectroscop ic 8 for w hose  application  a p re requ isite  is 
w ell unders tood  spectra.

A lth o u g h  th e  p e roxy  rad ica ls possess a very  strong B  

- X  e lec tron ic  transition  in the UV, cen te red  near 240 nm, 
w hich  has been  rou tine ly  u sed  in k inetic  s tud ies ,9 th is tran ­
sition is no t su itab le  for h igh-reso lu tion  studies due  to the 

repu lsive  na tu re  o f the B  sta te 10 resu lting  in a b road , s truc­
tureless sp ec tru m .11 N o species specificity, due  to a lack  o f 
se lec tiv ity  o f th e  frequency  o f  this transition  to the R  group  
in th e  peroxy  rad ical, and no chance  o f  reso lv ing  v ibrational, 
ro tational, and fine structu re  h ave  sh ifted  the h igh-reso lu tion  
spectroscopic  in te rest to the in trin sica lly  sharp and  w ell

structured  A  - X  transition  in th e  near-in frared  (N IR ), w hich
12w as first observed  by  H unziker and  W endt several years 

ago, bu t is m uch  w eaker than the B - X  transition .
In the  last coup le  o f  years, our group  has investiga ted  

open-chain  alkyl p e roxy  rad ica ls w ith  cav ity  ringdow n spec­
troscopy  (C R D S) rang ing  from  m ethy l peroxy  (R = C H 3) to 
pen ty l p e roxy  (R = C 5H 11) 13—19 u nder am bien t tem pera tu re
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cond itions in a cell. W e dem onstra ted  the su itab ility  o f  the 
N IR  transition  as a species specific, as w ell as an isom er and 
even  confo rm er specific, d iagnostic  tech n iq u e .20 H ow ever, 
congestion  due to  th e  popu la tion  o f  m any  ro ta tional levels as 
w ell as overlap  o f confo rm ers at ro o m  tem peratu re  preven ts 
the  ex traction  o f spectroscop ic  param eters, such  as ro tational 
and sp in -ro ta tional constan ts, w hich  are h igh ly  usefu l for 
b enchm ark ing  ca lcu la tions. O ther g roups h ave  u sed  low  to 
m odera te  reso lu tion  laser sources to study  gas-phase  m ethyl 
and e thy l peroxy  b y  a varie ty  o f  techniques, includ ing  
negative-ion  pho toelec tron  spectroscopy ,21 pho to io n iza tio n ,22 
cw -C R D S in the N IR ,23 and N IR  absorp tion  detec ted  by

24tim e-of-fligh t m ass spectroscopy, b u t h ave  sim ilarly  failed 
to obtain, w ith  h igh  prec ision , m olecu lar param eters, ch arac­
teriz ing  the ro ta tional and sp in -ro ta tional structure.

W e recen tly  developed  an experim en ta l apparatus co m ­
bin ing  a h igh -reso lu tion  laser source25 w ith  a je t-coo led  
C R D S setup 26 and h ave  app lied27 this apparatus to reco rd  the 

ro ta tiona lly  reso lved  A  - X  spectrum  near 1.35 ¡vm  o f  the 
p erdeu te ra ted  m ethy l peroxy  rad ica l, C D 3O 2. T he ex p e ri­
m en ta l spectrum  has been  m odeled  using  a H am ilton ian  that 
inc ludes the rig id  bo d y  ro ta tion  o f  an asym m etric  top and the 
sp in -ro tation  in terac tion . A n exce llen t quality  least-squares 
fit w as ob ta ined  to  the  m odel resu lting  in  th e  h igh  p recision  
determ ination  o f 15 m olecu lar p aram eters characteriz ing  the 

A  and  X  states.
O ur recen t C R D S studies o f C 2^ O 2 and C 2D 5O 2, under 

ro om -tem pera tu re  con d itio ns 17 iden tified  the G  and the T 
confo rm ers o f the  rad icals . H ow ever, due  to  the ro tational 
congestion  o f  these  spectra, no accura te  values o f  the ro ta ­
tional constan ts no r th e  sp in-ro tation  constan ts w ere  re ­
ported . T his pap er ex tends our p rev ious w ork  on C D 3O 2 to

© 2009 American Institute of Physics131, 184303-1
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obtain  and analyze the A  - X  spectra  for the ethy l peroxy  
rad ica l u nder je t-co o led  cond itions w ith  a narrow band  laser 
source. W e h ave  found  it o f  u se  to analyze and fit these 
spectra  using  an evo lu tionary  a lgo rithm  approach  thereby  
ob tain ing  a set o f  h ig h  prec ision  m olecu lar param eters ch ar­

acterizing  the A  and X  states o f  bo th  ethy l p eroxy  conform -

II. EXPERIMENTAL

A  descrip tion  o f  our h igh -reso lu tion  C R D S experim ental 
setup has been  g iven in  detail in R efs. 25 and 2 8 , so w e w ill 
briefly  sum m arize  on ly  the aspects particu larly  re levan t to 
this w ork . T he N IR  rad ia tion  around  1.35 f i m  is obtained  
from  the first S tokes o f the  stim ula ted  R am an scattering  
(SRS) crea ted  by  focusing  the ou tpu t o f  a pu lsed , nearly  
F ou rier-tran sfo rm -lim ited  (15 ns pulses), tunable, h ig h  e n ­
ergy (< 1 0 0  m J / pu lse) T i:S apph ire  (Ti:Sa) laser source25 
in to  a sta in less steel ( 1 m  long) cell p ressu rized  w ith  ty p i­
ca lly  13 atm  o f H 2. T he spectral b roaden ing  o f the SRS 
rad ia tion  due to p ressu re  and  pow er b roaden ing  is estim ated  
to be  ~ 2 0 0  M H z (FW H M ), resu lting , w hen  com bined  w ith  
the D opp ler b roaden ing  from  the slit-je t expansion , in an 
instrum en ta l linew id th  o f  ~ 2 5 0  M H z in th e  1.3 —1.4 f im  
range. T he  pu lsed  N IR  rad ia tion  ( ~  1 m J) is coup led  in to  the 
C R D S cavity, w h ich  consists o f  tw o h ig h  reflectiv ity  m irrors 
(reflec tiv ity  >  99.995% ) m oun ted  on th e  arm s o f  an ev acu ­
ated  cham ber (0 .67  m  long). T he m irrors are  pu rged  b y  a 
flow  o f  inert gas argon to p reven t a deposit from  th e  reactive  
species onto th e  m irro r surface.

T he e thy l p e roxy  rad ica ls C 2H 5O 2 are p roduced  by  e x ­
pand ing  a m ix tu re  o f ~ 1% ethy l iod ide  (C 2H 5I) and  ~ 10% 
oxygen (O 2) in first run  neon (75%  N e, 25%  H e) th rough  a 
slit-je t (1 m m  X 5 cm ) nozzle  (opening tim e 1 m s) and d is ­
charge (9 m m  p lasm a channel length , 1 m m  spacing betw een  
the e lec trodes). A  h igh  vo ltage  is app lied  to th e  tw o stainless 
steel e lec trodes for ~ 2 0 0  i s  during  the gas pulse, resu lting  
in p lasm a cu rren ts o f  - 3 0 0 —400 m A . T he p recu rso r gas 
m ix tu re  is p repared  b y  bubb ling  - 5 0 0  T orr o f  a O 2 and N e 
gas m ix tu re  th rough  a sam ple bom b con tain ing  C 2^ I  at 
- 4 5  °C .

T he SRS rad ia tion  beam  probes the coo led  superson ic  
gas expansion  10 m m  dow nstream  from  the th roat o f the 
expansion , w here  th e  rad ica l concen tra tion  is estim ated  to  be  
—5 X 1012 m o lecu les/ cm 3.27 A n InG aA s detec to r m easures 
the beam  ex iting  the cham ber. R ingdow n tim es o f  up  to 
300 i s (co rresponding  to  an absorp tion  equ ivalen t leng th  o f 
—6 km ) and an experim en ta l sensitiv ity  o f  0 .02  ppm /pass 
(co rresponding  to a no ise  equ ivalen t absorp tion  o f 
4 .5  ppb  H z-1/2) h ave  been  ach ieved  using  our b es t m irro r set 
(A dvanced  T hin  F ilm s).

T he spectra  w ere  reco rded  using  frequency  scans o f
— 10 G H z segm ents w ith  a frequency  step  size o f  50 M H z 
w ith  4 laser shots averaged  at each  frequency  po in t. E ach  
segm en t is linearized  using  a sim ultaneously  recorded  
F ab ry—P ero t e ta lon  trace  (F S R ~  1 G H z). C alib ra tion  o f  the 
abso lu te  frequency  is ach ieved  b y  using  abso rp tion  from  re ­

sidual w ater in our C R D S spectrom eter and m atch ing  the 
observed  frequencies w ith  those  p rov ided  in th e  H IT R A N  
da tab ase .28

III. THEORY

A ll the reco rded  spectra  o f th e  e thy l p e roxy  rad ica ls in ­

vo lve  th e  0° b an d  o f  th e  A  - X  e lec tron ic  transition . S ince the 
rad ica l is in a doub le t sta te  w e expect bo th  ro ta tional s truc­
tu re  and an observab le  sp in -ro tation  in terac tion  as has been  
seen w ith  the alkoxy  rad icals . H ence, th e  struc tu re  o f  each 
v ib ron ic  level should  b e  described  b y  the H am ilton ian ,

h t  =  H Rot + h s r +  T0(i), (1)

w here  T 0( i ) is th e  energy  o f  the v ib ron ic  sta te  (v ibrationless 

level o f  A  or X  e lec tron ic  state) w ith  i =A  or X  and T0(X) is 
taken  as zero . W e expect any hyperfine splittings to b e  w ell 
be low  our experim en ta l reso lu tion  and neg lec t them  in H T.

D u e to the fact tha t the sp in -ro tation  coup ling  is ex ­
pec ted  to b e  fa irly  sm all, w e u se  a case  (b) like  basis, w ith  
the  p ro la te  sym m etric  top rep resen ta tion , \JN K S M J )  in  w hich 
the  ro ta tional angular m om entum , N , and the sp in -angu lar 
m om entum , S, a re  coup led  to genera te  the resu ltan t to ta l an ­
gu lar m om en tum  J . T he  M J quan tum  num ber rep resen ts the 
p ro jec tion  o f  J  on the space fixed Z  axis and K  denotes the 
p ro jec tion  o f  N  on the a  p rinc ipal axis. W e can now  sim ply 
w rite  the ro ta tional H am ilton ian , H Rot, in  the p rincipal axis 
system ,

H r * -  A N i  + B N i  + C N 2, (2 )

w here  A , B , and C denote , by  conven tion , the ro ta tional co n ­
stants o f  the rad ica l. T he m atrix  e lem en ts o f  the ro tational 
H am ilton ian , H Rot, are w e ll-k n o w n .29,30

T he sp in -ro tation  H am ilton ian  has been  exam ined  by
29 31—35m any  au thors ’ and can b e  w ritten  as

H SR -  0 2  Jo/3(N oS ft +  S PN o0 , 
2 0,fi

(3)

w here  e0^  rep resen t th e  d ifferen t com ponen ts o f  the  sp in ­
ro ta tion  tensor expressed  in the sam e p rincipal axis system .

It is w ell know n that the com ponents o f  the  spin ro tation  
tensor, e0p, h av e  tw o con tribu tions,31,36,37 w hich  can b e  ex ­
pressed  as

,  = ¿(1) + ¿(2) 
¿oft ¿oft +  ¿oft'

. ( 1)

(4)

w here  Jop  is defined as th e  first-o rder con tribu tion  resu lting  
from  th e  d irec t coupling  betw een  th e  e lec tron  spin and the 
m agnetic  field  arising  from  the ro ta tion  o f  the m olecu le . 
T ypically, this first o rder con tribu tion  to the spin-ro tation  
tensor com ponen t is considered  to be  neg lig ib le  w ith  respect

(2)to the second  order con tribu tion , ,  , w h ich  arises from  the’ o ft
in terac tion  o f  th e  sp in -o rb it coup ling  and th e  C orio lis in ter­
action . O ne can w rite  the second  order con tribu tion  to  the 
tensor com ponen ts, ¿ f t ,  as

¿ f t  = - 2 2
j± i

(i\Ç L o \ j ) i j \X 0L e \i) + c . c .
(5)
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(2)In the above expression  for e a( ,  £, rep resen ts th e  sp in ­
orb it coup ling  operator; L  describes the e lec tron ic  orb ita l an ­
gular m om entum , and X (  rep resen ts the ro ta tional constan t 
for th e  (  p rinc ipal axis. F inally , i denotes the sta te  o f  in terest 
and th e  sum  ex tends over all states j .

In p rinc ip le  the sp in -ro tation  tenso r contains n ine  p a ram ­
eters (three d iagonal and six  o ff-d iagonal). O n the other 
hand, B row n and  S ears36 have  show n that, in th e  m ost g en ­
eral case, i.e., C 1 sym m etry, w hich  is appropria te  for th e  G 
C 2H 5O 2 conform er, that only  six  ou t o f  the n ine  param eters 
are independen tly  dete rm inab le  from  an experim en ta l spec­
trum . F o r a m o lecu le  w ith  C s sym m etry  like  T  C 2H 5O 2, only  
four sp in -ro tation  param eters are determ inab le . In  the general 
case  o f  a m o lecu le  w ith  C 1 sym m etry, a conven ien t w ay  to 
express the tenso r com ponen ts is v ia  the ir irreduc ib le  tensor 
com binations,

T0(J) -  V 3 ( J
c) -  V'3,«0,

T U J  -  ^ 6  ( 2 , aa -  Jbb -  Jcc) - -  V 6a,

T2± l ( i ) : 1 [('Jba +  Jab) ±  i ( J c)] -  ±  (d  ±  i e ) ,

T ±2( j )  -  2[( Jbb -  Jcc) ±  i ( jJbc + , cb.)] -  b i c ,

(6 )

(7)

(8 ) 

(9)

w here  the ea(  are the reduced  tenso r com ponents o f  B row n 
and S ears36 and w here  the spin ro ta tion  param eters, a 0, a , b , 
c , d , and  e , w ere  in troduced  by  R aynes32 and are  u sed  in our 
num erical analysis. W hile  in  p rinc ip le  (but no t in p rac tice— 
see below ) all six  R aynes param eters are necessary  for the G 
conform er, c and e van ish  b y  sym m etry  for the T  conform er.

IV. SPECTRAL ANALYSIS AND SIMULATION

H istorically , our group  has u sed  th e  approach  o f  a least 
square fitting (LSF) procedure , em ploy ing  th e  SPECVIEW

38softw are package, in o rder to  obtain  m olecu lar param eters 
from  a h igh  reso lu tion  spectrum . T his approach  is trad itional 
and com plete ly  appropria te  if  one has a w ell reso lv ed  spec­
trum  for w hich  ind iv idual line  assignm ents are possib le .

H ow ever th e  app licab ility  o f  such  an approach  is lim ited  
w hen one has only  p artia lly  reso lved  spectra  such as are 
show n in F ig . 1 for the G  confo rm ers o f  C 2H 5O 2 and 
C 2D 5O 2. U nder these  conditions, un iq u e  transition  ass ign ­
m ents are nearly  im possib le  as m ost features in  th e  spectra  
co rrespond  to  m u ltip le  ( —2 —5) overlapp ing  transitions. In 
order to  fit such  com plica ted  spectrum , w e decided  to u se  the 
evo lu tionary  a lgo rithm 39 (EA ), w h ich  has been  p roven  to 
p rov ide  re liab le  resu lts  for sem iau tom ated  fits o f  b o th  fu lly  
and p artia lly  reso lved  spec tra .39—42

A. Fitting with an evolutionary algorithm approach

T he E A  is a m ethod  based  on a D arw in ian  approach . In 
nature, natu ral selection  occurs by  rep roduction  w ith  m u ta ­
tion  o f  genes lead ing  to only  th e  best adapted  ind iv iduals 
surv iv ing . F ro m  a spectroscop ic  p o in t o f  view , the E A  ap-

1 . 2  

1 . 0  

0  . 8

CL
2  0 . 6
CL
CL

0  . 4  

0  . 2  

0  . 0

W avenum bers /  cm -1

7  5  9  5 
W avenum bers /  cm -1

FIG. 1. The top green trace is the high resolution jet-cooled experimental 
CRDS spectrum of the G conformer of the C2H5O2 radical. The bottom blue 
trace represents the high resolution jet-cooled experimental CRDS spectrum 
of the G conformer of the C2D5O2 radical. The vertical axis gives the abso­
lute absorption in parts per million per pass (ppmp) as a function of laser 
frequency along the horizontal axis.

p ro ach  rep roduces this b ehav io r to fit an experim en ta l spec­
trum  w ith  a m odel based  upon  the d ifferences o f  the e ig en ­
values o f  th e  H am ilton ian  such as H T g iven  b y  E q. (1 ). E ach 
o f  th e  m olecu lar param eters in  H T can  b e  though t o f  as a 

gene. F o r the ethy l p e roxy  A  - X  spectra  th e  param eters o f  the 
m odel are  m uta ted  like  genes, to select a set, correspond ing  
to the ch rom osom e, w h ich  u ltim ate ly  best rep roduces the 
experim en ta l spectra. T he evo lu tion  to  the “best fit” ch ro m o ­
som e is d e term ined  b y  how  w ell a spectral sim ulation , based  
on a g iven  ch rom osom e, resem bles th e  experim en ta l resu lt. 
In this w ork, a ch rom osom e is fo rm ed from  18 genes co rre ­
sponding  to  the param eters tha t a re  fitted. T hese  include the 
15 to tal m olecu la r p aram eters o f H T, i.e ., th ree  ro ta tional and 
four sp in -ro ta tional constan ts for each  the g round  and first 
excited  e lec tron ic  sta te  and the band  orig in  (T 0o), as w ell as 
the  ro ta tional tem perature, and the tw o angles 9  and cf> d e ­
scrib ing  the orien tation  o f  the e lec tric  d ipo le  m om en t w ith  
respec t to  the p rinc ipa l axis system . D uring  th e  in itia l step of 
the  fit, values for all the param eters, i.e ., genes, are random ly  
set be tw een  th e  u pper and low er lim its inpu t by  the user. 
(See below  the p rocess for choosing  these  lim its .) T ypically  a 
to ta l o f  567 ch rom osom es are  generated .

T he nex t genera tion  o f  ch rom osom es is genera ted  from  
the  se lected  b es t paren t(s) (h ighest fitness) u sing  an ev o lu ­
tion  stra tegy  w ith  m uta tive  step size con tro l. M u ta tive  step 
size contro l adapts the speed  at w h ich  the param eter space is 
exp lo red  w ith  each  op tim ization  step. It tends to  w ork  w ell 
for the adap ta tion  o f  a g lobal step size bu t tends to  fail w hen 
it com es to the  step size o f  each  ind iv idual param eter due to 
several d isrup tive  e ffec ts .43 T he derandom ized  algo rithm  
D R 2 u sed  h e re44 is aim ing  at the accum ulation  o f  in fo rm a­
tion  about th e  co rrelation  or an tico rre la tion  o f  past m utation  
vectors tha t connect trial so lu tions in o rder to tack le  this 
p rob lem . T he h igh  effectiveness o f th is approach  for spectral

45,46analysis has been  dem onstra ted  recently .
A s m en tioned  previously , the quality  o f  th e  m atch  be-

7 5  8  5 7 5  9  0 7 6  0  5
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tw een  the experim en ta l spectrum  and a g iven  sim ulation  is 
evalua ted  b y  a fitness function , F fg. It has been  show n by
H agem an41 that F fg can  b e  defined  as

l N

2  w (r) 2  f ( i ) g ( i  +  r)

Ff.
r=-l i=1

fg l N

w (r
r=-l i=1

l N

2  w (r) 2  f ( i ) f ( i  +  r ) \ / 2  w (r) 2  g (i)g ( i + r)
=-l i=1

( 10)

In the above f  rep resen ts the experim en ta l spectrum  
w h ile  g  rep resen ts the sim ula ted  spectrum . T he  function  w (r) 
is ca lled  the overlap  function  and con tro ls the sensitiv ity  o f 
the fitness function  for a sh ift o f the experim en ta l and s im u­
la ted  spectra  re la tive  to  each  other.

I f  b o th  the experim en ta l and sim ula ted  spectra  are 
v iew ed  as vectors w ith  N  d im ensions (frequency  points), 
then th e  num erato r o f  F fg is a w eigh ted  do t p ro d u c t o f  these 
vectors and  the denom inato r is sim ply  a norm aliza tion  factor, 
i.e.,

Ff
( f  g )

( 11)

w here  the do t p roduc t f ,g )  inc ludes the w eigh ting  function  
w (r)  and  the  norm s o f f  and g  are defined as

and

^ V f f )

llgll = V g g )  . (13)

It has been  found41 tha t w (r )  can  be  equated  to  a sim ple 
triangu lar function  w ith  a basew id th  o f  2 € points,

( 12)

, ( r ) :
1 -  |r |/€  fo r |r | <  €

0 o therw ise
(14)

w ith  € typ ica lly  being  chosen  as the ha lf-w id th  at ha lf-heigh t 
o f a fu lly  reso lved  transition .

T he E A  is very  su itab le  for para lle l com puta tion . The 
calcu lations w ere  perfo rm ed  on a L in u x  cluster in  N ijm egen  
based  on S U N  F ire  X 4100  and  X 4150  m achines. T ypically  
32 C PU s w ere  used . C onvergence  occurs in  approx im ately  
200 genera tions co rrespond ing  to a w all c lo ck  tim e  o f  about 
20 m in.

In o rder to ach ieve  fast convergence, a w ise  cho ice  for 
the in itia l ranges o f the d ifferen t param eters in H T is needed. 
Initially , w e chose  the p red ic ted  ro ta tional constan ts from  a 
B 3LY P calcu la tion  and  assum ed a search  ran g e  o f  ± 2 % . 
A fter observ ing  that the fitted  resu lts w ere  in  significan tly  
better agreem en t w ith  th e  values from  the full second  order 
M 0ller-P lesse t [M P 2(F U L L )] ca lcu lation  (see d iscussion  b e ­
low ) w e u sed  them  w ith  a ran g e  o f  ±  0 .25%  as our starting  
po in t in  the fits. F o r the sp in -ro tation  constan ts w e u sed  the 
p rocedu re  described  in Sec. V  to estim ate  the ir values and 
assum ed a search  ran g e  o f  10-1 to 10+1 tim es the p red ic ted  
value.

V. ELECTRONIC STRUCTURE, CALCULATIONS, AND 
MOLECULAR PARAMETER ESTIMATION

In  order for the E A  approach  to  b e  effective, one needs 
to define a  p r io r i  a ran g e  w ith in  w hich  each  param eter value 
m ay  lie. E lec tron ic  struc tu re  calcu lations are  very  usefu l in 
setting  these  ranges. A fter the spectrum  has been  fit by  the 
E A  approach , th e  fit param eter values can in  turn  b e  u sed  to 
b enchm ark  the quality  o f  p a rticu la r e lec tron ic  structure  
m ethods.

U sing  th e  GAUSSIAN 03 so ftw are  pack ag e ,47 w e co m ­
pu ted  th e  g lobal m in im a for each  the G  and  T  conform ers, 

bo th  ground , X, and first excited , A , e lec tron ic  states using 
d ifferen t m ethods and  basis sets. T hese  inc luded  a density  
functional theo ry  (D FT) m ethod  (B3LYP) w ith  a 6-31 
+ g (d ) basis set, w h ich  rep resen ts a fairly  inexpensive  ca lcu ­
lation . W e also u sed  a M P 2  (FU LL) pertu rbation  calculation  
w ith  a 6 -3 1 g (d )  basis set. T he la tter set o f  ca lcu la tion  has 
been  chosen  since it has been  show n that, in the case  o f  the 
alky l peroxy  rad icals , th e  G 2 com posite  m ethod  yields very  
accura te  T 00 v a lu es .20 H ence, the op tim ized  geom etry  from  
the  G 2 m ethod, w h ich  is M P 2 (F U L L )/6 -3 1 g (d ),48 ought to 
b e  fairly  rep resen ta tive  o f  the e lec tron ic  e igenenerg ies and 
co rrespond ing  geom etries o f  the m olecu le , w h ich  are  n eces­
sary  for ca lcu la tions of, respectively , th e  T 00 values and ro ­
ta tional constan ts. T he final m ethod  u sed  w as th e  coup led  
cluster sing le t and  doublet, C C SD  [6 -3 1 g (d )]. T his is a 
som ew hat m ore  com pu ta tionally  expensive  m ethod  and 
w ould  b e  o f  considerab le  in te rest to benchm ark . F o r the 
com ponen ts o f  the d ipo le  m om ents, w e tu rned  to a configu ­
ra tion  in terac tion , singles, C IS , m ethod  w ith  a 6 -31g  + (d) 

basis. W e p e rfo rm ed  the ca lcu la tion  at the X  s ta te  geom etries 
found  by  each  th e  C C SD , B3LYP, and  M P 2 m ethods.

In order to  p red ic t th e  T 00 elec tron ic  transition  by  the 
C C S D  and B 3LY P m ethods, w e com puted  th e  v ibrational 
frequencies for each  m ethod  and m ade  the zero  p o in t energy 
(ZPE) co rrection . T he  T 00 va lue  from  th e  M P 2  calcu lation  is 
ac tua lly  from  th e  G 2 m ethod  and  h en ce  it a lready  contains 
ex tra  correc tion  term s inc lud ing  the  Z PE . It also should  be  
no ted  tha t all the  co rrespond ing  ro ta tional constan ts have  
been  ca lcu la ted  for th e  equ ilib rium  geom etry  and no t for the 
experim en ta lly  observed  v ib ra tion less level. H ow ever since 
zero -po in t correc tions for ro ta tional constan ts are typ ically  
less than  a few  ten ths o f a percen t, this on ly  m ild ly  affects 
com parison  betw een  the ca lcu la ted  and observed  values. 
Tables I- IV  sum m arize  the ro ta tional constan ts and T 00 v a l­
ues ca lcu la ted  v ia  the d ifferen t e lec tron ic  struc tu re  ca lcu la ­
tions.

T here  is no elec tron ic  struc tu re  p ackage  tha t d irec tly  ca l­
culates sp in -ro ta tional coup ling  constan ts so w e u se  a sem i- 
em pirica l approach . R ecently , our group  sim ulated  the h igh 
reso lu tion , je t coo led  C R D S spectrum  o f  the C D 3O 2 radical.

27W e experim en ta lly  determ ined  for C D 3O 2 the ro tational 

constan ts in  bo th  the  X  and th e  A  states and four com ponents 
o f  th e  spin ro ta tion  tensor for this C s sym m etry  m olecu le , 
i.e ., eaa, ebb, ecc, and 2 (e ab + eba). B row n, Sears and W atson 
show ed that, in th e  inertia l axis system , one could  re la te  the 
reduced  sp in -ro tation  tensor com ponen t o f tw o iso topo logues 
v ia  the fo llow ing  transform ation :

r

g
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TABLE I. Molecular parameters of G conformer of C2D5O2 radical from the experimental spectrum and from the indicated electronic structure calculations 
(see text for details). The calculated T00 has been corrected by the scaled ZPE correction according to the NIST website (http://cccbdb.nist.gov/ 
vibscalejust.asp) under the harmonic oscillator assumption. The numbers in square brackets represent the percent deviation of the predicted constant with 
respect to the fitted results with the corresponding experimental percentage uncertainty in parentheses. The calculated and predicted constants are for the 
equilibrium geometry. The components of the transition moment are computed using the CIS method using the optimized geometries indicated from the 
normalized dipole moment.

Const.
(cm-1) Fita MP2(FULL)\6-31g (d) CCSD\6-31 + g(d) B3LYP\6-31 + g(d)

A" 0.44963 (3) 0.45106 [-0.318 (7)] 0.4458 [1.123 (7)] 0.45608 [-1.435 (7)]
B" 0.16298 (2) 0.16387 [-0.55 (1)] 0.16211 [0.53 (1)] 0.15784 [3.15 (1)]
C" 0.14083 (2) 0.14182 [-0.70 (1)] 0.13995 [0.62 (1)] 0.13805 [1.97 (1)]
?'<"a = -(a0 + 2a)" -0.0115 (5) -0.0114 (15) [0.9 (43)] -0.0113 (15) [1.7 (43)] -0.0122 (15) [-6.1 (43)]
?"b = (a+b - a 0)" -0.0064 (4) -0.0062 (14) [3. (6)] -0.0062 (14) [3. (6)] -0.0056 (14) [12. (6)]
?"c = ( a - b -a 0)" - 0.0023 (5) -0.0031 (15) [-34. (21)] -0.0030 (15) [-30. (21)] -0.0032 (15) [-39. (21)]
(1 / 2)(?ab + eba)" = d" -0.0084 (11) -0.0061 (22) [27. (13)] -0.0060 (22) [28. (13)] -0.0063 (22) [25. (13)]
(1 / 2)(?bc + ?cb)” = c" 0.0036 [—] 0.0035 [—] 0.0034 [—]
(1 / 2)(?ac +?ca)" = e" 0.0011 [ — ] 0.0010 [—] 0.0014 [—]
A' 0.42660 (3) 0.42703 [-0.101 (7)] 0.42102 [1.308 (7)] 0.43081 [-0.987 (7)]
B' 0.16560 (2) 0.16638 [-0.47 (1)] 0.16542 [0.65 (1)] 0.16099 [2.78 (1)]
C 0.14046 (2) 0.14134 [-0.63 (1)] 0.13934 [0.80 (1)] 0.13710 [2.39 (1)]
?aa = -(a0 + 2a)' 0.0108 (5) 0.0135 (15) [-25. (5)] 0.0136 (15) [-26. (5)] 0.0147 (15) [-36. (5)]
?bb = (a+b - a 0)' 0.0080 (4) 0.0071 (14) [11. (5)] 0.0070 (14) [13. (5)] 0.0065 (14) [18. (5)]
?'cc = ( a - b -a 0) ' 0.0006 (4) 0.0009 (15) [-50. (66)] 0.0008 (15) [-33. (66)] 0.0008 (15) [-33 . (66)]
(1 / 2)(?ab + ?ba) ' =d ' 0.0098 (6) 0.0100 (22) [ - 2. (6)] 0.0099 (22) [-1 . (6)] 0.0101 (22) [-3 . (6)]
(1 / 2)(?bc + ?cb)' = c' -0.0035 [ — ] -0.0034 [ — ] -0.0033 [ — ]
(1 / 2)(ë„c +?ca)' =e' -0.0006 [ — ] -0.0006 [ — ] -0.0007 [ — ]
T00 7595.1855 (4) 7582.3000 [0.17] 7094.7782 [6.59] 7668.0560 [-0.96]
|Ma/ Mb| 6 0.569 0.263 0.289 0.315
|Mc/ ̂ b\ 6 0.639 0.438 0.434 0.342

aFit temperature of 14.8 K.
bDetermined from fit values of 0=60.0°, <£=60.7°.

I RI R -  h eS , (15)

w here  I  rep resen t the m om en t o f inertia  tensor and  I  the 
reduced  sp in -ro tation  tenso r in the respec tive  p rincipal axis 
system s, w ith  R  denoting  the re fe ren ce  m o lecu le  and S the 
iso topo logue o f in terest. T arczay e t a l.49 ex tended  this p ro ­
cedure  to re la te  the com ponen ts o f  the sp in -ro tation  tensor 
for any  m o lecu le  in  the sam e fam ily. T he basic  physica l r e ­
qu irem en t for the T arczay ex tension  is tha t the elec tron ic  
transition  be  localized  on a g iven  ch rom ophore  w ith  co m ­
m on elec tron ic  struc tu re  for all the  fam ily  m em bers. U nder 
these  c ircum stances, structu ral m odifications to the re s t o f 
the m o lecu le  w ill reo rien t th e  p rinc ipal inertia l axes and 
change th e  values o f tenso r com ponen ts expressed  along 
them  bu t leave  unchanged  the sp in -ro ta tional tenso r co m p o ­
nents expressed  in  a local axis system  tied  to the ch ro ­
m ophore. R adicals like  m ethy l and e thy l peroxy  seem  likely  
to be  w ell described  by  this physica l p ic tu re  since for all the 
open-chain  p rim ary  alkoxy  rad ica ls the elec tron ic  transition  
is localized  on the O 2 chrom ophore . A  conven ien t local 
fram e for the peroxy  rad ica ls has the z axis a long the  O 2 
bond  w ith  x and  y co incid ing  w ith  the p orb ita ls pe rp en d icu ­
lar to it. W e there fo re  conc lude  tha t in the local fram e,

( I s ls ) loc-  (1rI r)1oc. (16)

If  U  is the un ita ry  transfo rm ation  re la ting  the local and p rin ­
cipal axes system  then

U s I s I s U - 1 -  U rI r I r U -  (17)

or

I s  - 1- 1 U- 1 UrI r I r  u R  Us , (18)

w here  I s  is expressed  in  the p rincipal axis system . B o th  th e  I  
and th e  U  m atrices are so lely  dependen t upon  the geom etry  
o f  the m o lecu le  and hence  can b e  ca lcu la ted  from  th e  o p ti­
m ized  geom etry  o f  the elec tron ic  struc tu re  ca lcu lation . W e 
use  the  sp in-ro tation  tensor i R, experim en ta lly  determ ined  
for C D 3O 2, as the re fe rence  m o lecu le  to ca lcu la te  i s  for
C 2H 5O 2.

VI. EXPERIMENTAL RESULTS

A. The G conformer of the ethyl peroxy radical

E thy l p e roxy  is th e  sim plest alkyl p e roxy  rad ica l tha t has 
m ore  than  one conform er. A s no ted  p rev iously  its conform ers 
can b e  labe led  as G  (C C O O  d ihedra l ang le  ± 6 0 ° ) , w h ich  has 
a C 1 sym m etry , and T  (C C O O  d ihedra l ang le  o f  ± 1 8 0 °),

17w hich  has C s sym m etry . In 2007, R upper e t al. observed 
and analyzed  the ro o m  tem peratu re  C R D S spectra  o f both  
confo rm ers o f  th is rad ica l. B ased  upon  h igh  level quan tum  
chem istry  calcu lations, they  determ ined  that the G  conform er 
w as about 80 cm -1 low er in  energy  than  th e  T  confo rm er in 

the  X  state. T herefore , w e decided  to first inves tiga te  th e  G 
confo rm er 0  ̂ band  w ith  our h igh  reso lu tion  je t-co o led  appa-
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TABLE II. Molecular parameters of G conformer of C2H5O2 radical. The calculated T00 has been corrected by the scaled ZPE correction according to the 
NIST website (http://cccbdb.nist.gov/vibscalejust.asp) under the harmonic oscillator assumption. The numbers in square brackets represent the percent 
deviation of the predicted constant with respect to the fitted results with the corresponding experimental percentage uncertainty in parentheses. The calculated 
and predicted constants are for the equilibrium geometry. The components of the transition moment are computed using the CIS method using the optimized 
geometries indicated from the normalized dipole moment.

Const.
(cm-1) Fita MP2(FULL)\6-31g(d) CCSD\6-31 + g(d) B3LYP\6-31 + g(d)

A" 0.59099 (6) 0.59373 [-0.46 (1)] 0.58427 [1.14 (1)] 0.60182 [1.83 (1]
B" 0.18899 (3) 0.19055 [-0.83 (2)] 0.18845 [0.29 (2)] 0.18348 [-2.92 (2)]
C" 0.16299 (4) 0.16459 [-0.98 (2)] 0.16233 [0.40 (2)] 0.16018 [-1.72 (2)]
?L =-(a0+2a)" -0.0168 (8) -0.0150 (15) [11. (5)] -0.0149 (15) [11. (5)] -0.0160 (15) [-5 . (5)]
?"b = (a+b - a 0)f’ -0.0078 (6) -0.0072 (14) [8. (8)] -0.0072 (14) [8. (8)] -0.0065 (14) [-17. (8)]
?"c = ( a - b -a 0)" - 0.0010 (6) -0.0036 (15) [-260. (60)] -0.0035 (15) [-250. (60)] -0.0036 (15) [260. (60)]
(1 / 2)(?ab + ?ba)" = d" -0.0085 (8) -0.0078 (22) [8. (9)] -0.0077 (22) [9. (9)] -0.0081 (22) [-5 . (9)]
(1 / 2)(?bc + ?cb)” = c" 0.0042 [—] 0.0041 [—] 0.0040 [—]
(1 / 2)(ë„c +?ca)" = e" 0.0014 [—] 0.0013 [—] 0.0018 [—]
Ab 0.55305 (5) 0.55366 [-0.110 (9)] 0.54517 [1.425 (9)] 0.56147 [1.522 (9)]
Bb 0.19250 (5) 0.19398 [-0.77 (3)] 0.19172 [0.41 (3)] 0.18734 [-2.68 (3)]
Cb 0.16239 (3) 0.16380 [-0.87 (2)] 0.16137 [0.63 (2)] 0.15878 [-2.22 (2)]

= -(a0 + 2a)' 0.0145 (8) 0.0175 (15) [-21. (6)] 0.0176 (15) [-21. (6)] 0.0192 (15) [32. (6)]
?'b = (a+b - a 0)' 0.0095 (5) 0.0083 (14) [13. (5)] 0.0081 (14) [15. (5)] 0.0076 (14) [-20. (5)]
?'cc = ( a - b -a 0) ' 0.0011 (6) 0.0010 (15) [9. (55)] 0.0009 (15) [18. (55)] 0.0009 (15) [-18. (55)]
(1 / 2)(?ab + ?ba) ' =d ' 0.0115 (12) 0.0126 (22) [ - 10. (10)] 0.0125 (22) [-9 . (10)] 0.0128 (22) [11. (10)]
(1 / 2)(?bc + ?cb)' = c' -0.0040 [—] -0.0039 [—] -0.0038 [ — ]
(1 / 2)(?ac +?ca)' =e' -0.0008 [—] -0.0007 [—] -0.0009 [ — ]
T00 7591.5831 (5) 7579.7980 [0.16] 7090.8280 [6.60] 7663.3756 [-0.95]
K  / ^b|b 0.678 0.263 0.289 0.315
|Mc / Mb|b 0.739 0.438 0.434 0.342

aFit temperature of 16.2 K.
bDetermined from fit values of 0=55.7°, <£=58.8°.

TABLE III. Molecular parameters of T conformer of C2H5O2 radical. The calculated T00 has been corrected by the scaled ZPE correction according to the 
NIST website (http://cccbdb.nist.gov/vibscalejust.asp) under the harmonic oscillator assumption. The numbers in square brackets represent the percent 
deviation of the predicted constant with respect to the fitted results with the corresponding experimental percentage uncertainty in parentheses. The calculated 
and predicted constants are for the equilibrium geometry.

Const.
(cm-1) Fita MP2(FULL)\6-31g(d) CCSD\6-31 + g(d) B3LYP\6-31+g(d)

A" 1.10180 (7) 1.10657 [-0.433 (6)] 1.10128 [0.047 (6)] 1.11307 [-1.023 (6)]
B" 0.14766 (6) 0.14890 [-0.84 (4)] 0.14680 [0.58 (4)] 0.14577 [1.28 (4)]
C" 0.13725 (6) 0.13810 [-0.62 (4)] 0.13627 [0.71 (4)] 0.13553 [1.25 (4)]
?L =-(a0+2a)" -0.0751 (11) -0.0691 (15) [8. (1)] -0.0687 (15) [9. (1)] -0.0692 (15) [8. (1)]
?"b = (a+b - a 0)" -0.0027 (8) -0.0032 (14) [-19. (30)] -0.0032 (14) [-19. (30)] -0.0032 (14) [-19. (30)]
?"c = ( a - b -a 0)" -0.0004 (8) -0.0001 (15) [75. (200)] -0.0001 (15) [75. (200)] -0.0001 (15) [75. (200)]
(1 / 2)(?ab + ?ba)" = d" 0.0064 (23) 0.0042 (22) [34. (36)] 0.0043 (22) [33. (36)] 0.0047 (22) [27. (36)]
(1 / 2)(?bc + ?cb)" = c" 0 0 0 0
(1 / 2)(?ac +?ca)" = e" 0 0 0 0
Ab 1.06663 (7) 1.06776 [-0.106 (7)] 1.06278 [0.361 (7)] 1.08167 [-1.410 (7)]
Bb 0.14844 (6) 0.14932 [-0.59 (4)] 0.14689 [1.04 (4)] 0.14581 [1.77 (4)]
Cb 0.13715 (6) 0.13784 [-0.50 (4)] 0.13575 [1.02 (4)] 0.13510 [1.49 (4)]
?'a = -(a0 + 2a)' 0.0790 (14) 0.0731 (15) [7. (2)] 0.0724 (15) [8. (2)] 0.0724 (15) [8. (2)]
?'b = (a+b - a 0)' 0.0042 (8) 0.0033 (14) [21. (19)] 0.0033 (14) [21. (19)] 0.0035 (14) [17. (19)]
?cc = ( a - b -a 0) ' -0.0028 (8) -0.0014 (15) [50. (29)] -0.0014 (15) [50. (29)] -0.0014 (15) [50. (29)]
(1 / 2)(?ab + ?ba) ' =d ' -0.0215 (8) -0.0125 (22) [42. (4)] -0.0127 (22) [41. (4)] -0.0136 (22) [37. (4)]
(1 / 2)(?bc + ?cb)' = c' 0 0 0 0
(1 / 2)(?ac +?ca)' =e' 0 0 0 0
T00 7361.8209 (10) 7355.5394 [0.09] 6921.0712 [5.99] 7508.3958 [1.99]

aFit temperature of 99.3 K. By symmetry only the c component of the dipole moment is nonzero.
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TABLE IV. Molecular parameters of T conformer of C2D5O2 radical. The calculated T00 has been corrected by the scaled ZPE correction according to the 
NIST website (http://cccbdb.nist.gov/vibscalejust.asp) under the harmonic oscillator assumption. The numbers in square brackets represent the percent 
deviation of the predicted constant with respect to the fitted results with the corresponding experimental percentage uncertainty in parentheses. The calculated 
and predicted constants are for the equilibrium geometry.

Const.
(cm-1) Fita MP2(FULL)\6-31g(d) CCSD\6-31 + g(d) B3LYP\6-31 + g(d)

A" 0.73948 (9) 0.74070 [-0.165 (12)] 0.73767 [0.245 (12)] 0.74317 [-0.499 (12)]
B” 0.12807 (8) 0.12916 [-0.851 (62)] 0.12738 [0.539 (62)] 0.12649 [1.234 (62)]
C 0.11920 (8) 0.11995 [-0.629 (67)] 0.11843 [0.646 (67)] 0.11776 [1.208 (67)]
?”a = -(a0 + 2a)” -0.0548 (17) -0.0463 (15) [16. (63)] -0.0460 (15) [16. (63)] -0.0462 (15) [16. (3)]
?"b = (a+b - a 0)" -0.0016 (15) -0.0028 (14) [-75. (94)] -0.0027 (14) [-69. (94)] -0.0028 (14) [-75. (94)]
?”c = ( a - b -a 0)” -0.0003 (16) -0.0001 (15) [67. (533)] -0.0001 (15) [67. (533)] -0.0001 (15) [67. (533)]
(1 ! 2)(?ab + ?ba)" = d” 0.0009 (28) 0.0029 (22) [-222. (311)] 0.0030 (22) [-233. (311)] 0.0032 (22) [-256. (311)]
(1 ! 2)(?bc + ?cb)” = c” 0 0 0 0
(1 / 2)('ac +?ca)” = e” 0 0 0 0
A' 0.72522 (9) 0.72511 [0.015 (12)] 0.72220 [0.416 (12)] 0.72977 [-0.627 (12)]
B' 0.12866 (8) 0.12953 [-0.676 (52)] 0.12747 [0.925 (62)] 0.12657 [1.624 (62)]
C 0.11928 (8) 0.11987 [-0.537 (67)] 0.11813 [0.923 (67)] 0.11752 [1.434 (67)]
'aa = -(a0 + 2a)' 0.0507 (19) 0.0496 (15) [2. (4)] 0.0492 (15) [3. (4)] 0.0488 (15) [4. (4)]
?'bb = (a+b - a 0)' 0.0016 (15) 0.0029 (14) [-81. (94)] 0.0029 (14) [-81. (94)] 0.0030 (14) [ - 88. (94)]
?bc = ( a - b -a 0) ' - 0.0011 (16) -0.0012 (15) [-9 . (145)] -0.0012 (15) [-9 . (145)] -0.0012 (15) [-9 . (145)]
(1 ! 2)(?ab + eba) ' =d ' -0.0020 (98) -0.0088 (22) [-340. (490)] -0.0089 (22) [-345. (490)] -0.0095 (22) [-375. (490)]
(1 ! 2)(?bc + ?cb)’ = c' 0 0 0 0
(1 / 2)(?ac +?ca)' =e' 0 0 0 0
T00 7354.6377 (12) 7351.4572 [0.04] 6916.2306 [5.96] 7501.4582 [2.00]

aFit temperature of T-73.2 K. By symmetry only the c component of the dipole moment is nonzero.

ratus, since the T  con fo rm er w ou ld  h ave  neg lig ib le  p o p u la ­
tion  i f  the confo rm ers w ere  in equ ilib rium  at th e  15 K  ro ta ­
tional tem pera tu re  typ ical o f the appara tu s.26

W e w ere  ab le  to reco rd  the spectra  o f  bo th  the  norm al 
and d eu tera ted  species o f the G  confo rm er w ith  a good  signal 
to no ise  ratio  (S / N  ~  6 0 -1 0 0  for the strongest features). F ig ­
u re  1, a scan over about 20 cm -1 o f  the tw o iso topologues, 
show s tha t the spectra  are h igh ly  congested , p rim arily  due  to 
the popu la tion  o f  m any  ro ta tional and sp in -ro ta tional levels 
even at a tem pera tu re  o f  ~ 1 5  K . B ecause  o f  this congestion , 
assignm ents o f  spectral features to  ind iv idual transitions are 
m ostly  im possib le .

D u e  to the  inab ility  to assign ind iv idual lines, u se  o f  the 
trad itional L S F  m ethod  to  sim ula te  the spectrum  and obtain 
the b es t values o f  the m olecu lar param eters is co u n te rin d i­
cated . W e therefo re  h ave  em p loyed  the E A  approach  d e ­
scribed  in  Sec. IV  A  to sim ula te  th e  spectra  and determ ine 
the m olecu la r param eters con ta ined  in  th e  H T [Eq. (1)] for 

each  the A  and  X  states.
B ecause  it is som ew hat m ore  reso lved  ( see be low  for 

details) w e first analyzed  th e  spectrum  o f the C 2D 5O 2 G 
rad ica l u sing  th e  E A  approach . T he fitted  constan ts are su m ­
m arized  in Table I . T he converged  resu lt o f  th e  E A  no t only  
p roduces the  best values for the fit constan ts bu t at th e  sam e 
tim e the quan tum  num bers o f the ind iv idual transitions are 
assigned. T his allow s a c lassica l least-squares fit u sing  the

39assigned  frequencies. In M eerts and S chm itt this is called  
an “assigned  fit,” and the defin itions o f  the sta tistical errors 
and co rre la tion  coefficients are d iscussed  in  A ppend ix  B o f 
that paper. T he errors repo rted  in T able  I a re  based  on a
0.01 cm -1 uncerta in ty  in the experim en ta l line  positions.

F igu re  2 show s portions o f  the resu lting  sim ulation  and

param eters. T he best ag reem ent be tw een  the  experim ental 
spectrum  and the fit w as ob tained  w ith  a ro ta tional tem p era­
tu re  o f  15 K  and  w ith  a fixed G aussian  com ponen t o f  250 
(R ef. 27 ) and  450  M H z for the L oren tz ian  com ponen t o f  a 
Voigt p rofile  for ind iv idual transitions.

F igu re  2 show s the sim ulation  and observed  spectra  are 
v irtua lly  ind istingu ishab le , w hich  c lea rly  show s th e  ab ility  o f 
the  E A  approach  to successfu lly  fit th e  m olecu la r param eters 
and sim ula te  th e  spectrum . F u rtherm ore  T able I show s that 

all 15 m o lecu lar param eters invo lved  in H T for the A  and X  
states are w ell determ ined . Indeed  the  ro ta tional constan ts

FIG. 2. Expanded scale for the C2D5O2 radical G conformer. The top blue 
traces are the experimental spectrum shifted upward by 0.5 ppmp while the 
bottom red traces are the simulations based upon the fit constants in Table I. 
Axis conventions are the same as Fig. 1.
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are dete rm ined  to ~ 1 0  p p m  and the sm aller sp in-ro tational 
constants, w h ile  hav ing  larger p e rcen tage  errors, h ave  sim ilar 
abso lu te  p recision .

T he com ponen ts o f  the transition  d ipo le  a long th e  p rin ­
cipal axes g iven  in  Tables I and  II are d eterm ined  from  the fit 
values o f 9  and cf> u sing  the re la tionsh ips,

f i a = ¡x sin cf> cos 9, (19)

X b = x  sin cf> sin 9, (2 0 )

f i c = x  cos <j). (2 1 )

Perhaps even  m ore  rem arkab le  is tha t the experim en ta l
prec ision  o f  th e  p aram eters for e thy l peroxy  is very  co m p a­
rab le  to  tha t w h ich  w e p rev iously  repo rted  for C D 3O 2, a l­
though  in  th e  form er case  ind iv idual transitions w ere  m ostly  
reso lved  and  th e  param eters w ere  determ ined  from  th e  tran ­
sition frequencies b y  a L S F  approach . W hile  this resu lt is 
coun terin tu itive , w e expect tha t th e  h igh  p rec ision  ob tained  
in the p resen t G  C 2D 5O 2 spectrum  fit is a ttribu tab le  to the 
fact tha t the E A  approach  uses b o th  the (som ew hat less p re ­
cise) frequencies for the e thy l p e roxy  transitions a n d  the  in ­
tensity  in fo rm ation  con ta ined  in the  C 2D 5O 2 spectrum  w hile 
the L S F  m ethod  u sed  only  the transition  frequency  in fo rm a­
tion  for C D 3O 2. S ince C R D S is an abso rp tion-based  te ch ­
n ique  even abso lu te  in tensities are re liab le , and the E A  ap ­
p roach  is ideal for fitting even  h igh ly  congested  C RD S 
spectra.

A s w ith  any fitting procedure , there  is alw ays a question  
as to  w hether the final param eters set (chrom osom e) is 
un ique. O ne w ay  o f  answ ering  that question  is to  look  at the 
fit m olecu la r param eters and com pare  them  to those  resu lting  
from  q u an tum  chem istry  ca lcu lations. S ince w e expect all 
the  quan tum  chem istry  m ethods described  in  Sec. V  to  be 
re la tive ly  accurate, sign ifican t d iscrepancies be tw een  ca lcu ­
la ted  and  experim en ta l resu lts are ne ither expected  nor are 
they  found  as is show n in Table I . T herefo re  w e accep t the fit 
param eters to  b e  valid  and in  turn  u se  them  to ju d g e  the 
re la tive  adequacy  o f  the com puta tional m ethods. It appears 
obvious tha t th e  M P 2(F U L L ) m ethod  w ith  a 6 -3 1 g (d )  basis 
set rep roduces qu ite  w ell th e  experim en ta l constan ts (w ithin
0.3%  for th e  ro ta tional constan ts). T he C C SD  m ethod  also 
rep roduces the experim en ta l constan ts ra ther w ell bu t it does 
no t do as good  as a jo b  as M P 2(F U L L ), the geom etry  o p ti­
m ization  step o f the G 2 com pound  m ethod . (H ow ever it 
should  b e  rem em bered  tha t these  com parisons are  be tw een  
the values o f  the ro ta tional constan ts ca lcu la ted  at the eq u i­
lib rium  position  and the  experim en ta l values averaged  over 
the v ib ra tion less level.) F inally , th e  D F T  m ethod  p rov ides 
ro ta tional constan ts tha t are w ith in  ~ 3 %  o f th e  fitted  co n ­
stants.

T urn ing  our attention  to  the com ponents o f  the sp in ­
ro ta tion  tensor, w e can easily  see from  T able I tha t these 
constan ts are  w ell de term ined  and tha t they  are  in  genera lly  
good  agreem ent w ith  the p red ic tions, thereby  valida ting  the 
m ethod  o f  Sec. V. It appears ev iden t that, as for the ro ta tional 
constan ts, the M P 2(F U L L ) ca lcu la tion  best p red ic ts  the  sp in ­
ro ta tion  constan ts w hile  the B 3LY P p red ic tions dev ia te  fairly  
significantly  from  th e  fitted resu lts . T he exp lana tion  o f  the

d ifference  in accuracy  is ac tua lly  fairly  sim ple. To derive  the 
com ponen ts o f  th e  sp in -ro tation  tensors for a g iven  m olecu le  
one needs a good  op tim ized  geom etry . T he ro ta tional co n ­
stants are  best p red ic ted  by  the M P 2(F U L L ) m ethod  co m ­
p ared  to the D F T  m ethod  im ply ing  the op tim ized  geom etry  
o f  this m ethod  is m ost accurate , so M P 2(F U L L ) should  also 
b e  b es t at p red ic ting  the sp in -ro tation  param eters, w hich  
again  depend  upon  this geom etry.

A s T able  I show s w e actually  only  u sed  th e  rea l p art o f 
the  sp in -ro tation  tenso r to fit our spectrum . T his resu lt is 
partia lly  p red ica ted  upon  practicality . T he E A  p rog ram  has 
no t been  adap ted  to d iagona lize  a com plex  H T m atrix . H o w ­
ever, th is approx im ation  w as ju s tified  by  using  our SPECVIEW 
p ro g ra m 38 w hich  can hand le  com plex  m atrices. B y  adding 
the  estim ated  values for c and e from  the M P2(F U L L ) p re ­
d iction  in to  H t  and b y  exam in ing  the resu lting  pred ic ted  
spectrum  from  SPECVIEW the largest sh ift in  frequency  is 
found  to  b e  ~  16.5 M H z, w hich, at our reso lu tion , is not 
significant. T his approx im ation  is fu rther confirm ed by  co m ­
paring  SPECVIEW sim ulations includ ing  or no t th e  tw o ex tra  
im ag inary  com ponents o f  the sp in -ro tation  tensor.

T able I also sum m arizes the ca lcu la ted  excita tion  energy 
T 00 for all th ree  elec tron ic  struc tu re  m ethods. T he 
M P2(F U L L ) energy  separation  has been  ob ta ined  by  ca lcu ­
lating  bo th  elec tron ic  states w ith  the G 2 com pound  m ethod, 
w h ich  con tains no t only  the Z P E  correc tion  b u t also  several 
h ig h er o rder energy  correc tion  term s. T he C C S D  and B3LY P 
energ ies are co rrec ted  b y  the Z P E  correc tion  u nder th e  h a r­
m onic  oscilla to r approxim ation . It is no su rprise  tha t the
M P2(F U L L ) energy  ca lcu lation  is the m ost accura te  one as

20has been  po in ted  out p rev iously  b y  Sharp  e t al. O n the 
o ther hand , it is m ore  surprising  tha t the C C S D  calcu lation  is 
less accura te  than  the  B 3LY P calcu la tion  since its g lobal 
m in im um  structu re  o f  the rad ica l appears to  b e  m ore  accurate  
tha t the B 3LY P one. T he  exp lana tion  for this inadequacy  
cou ld  lie  in th e  fact tha t the Z P E  correc tion  com es, o bv i­
ously, from  the ca lcu la tion  o f  the norm al m ode frequencies 
o f  the m o lecu le  and it is w ell know n tha t the resu lt o f  a 
frequency  ca lcu la tion  using  a C C S D  m ethod  w ill be  less 
accura te  than the one com ing  from  a B 3LY P calcu lation .

S ince th e  G  confo rm er o f  the e thy l p e roxy  rad ica l has C 1 
sym m etry, nonvan ish ing  com ponen ts o f  the  transition  d ipo le  
m om en t lie  a long all th ree axes, a, b  and  c. T he ca lcu la ted  
and experim en ta l resu lts a re  again  sum m arized  in  T able I . 
S om ew hat larger errors are p resen t be tw een  experim en t and 
ca lcu la tions for the re la tive  com ponen ts o f  th e  transition  d i­

po le  than  for the A  and X  s ta te  param eters. H ow ever tran si­
tion  d ipo les are no to riously  d ifficu lt to ca lcu la te  and likely  

the  nearly  fo rb idden  na tu re  o f th e  A  - X  transition  m akes it 
even  a g reater challenge. T he fairly  sign ifican t variation  o f 
the  ca lcu la ted  d ipo les using  the th ree d ifferen t op tim ized  g e ­
om etries, w h ich  are rea lly  qu ite  sim ilar, supports th is suppo ­
sition.

W e h ave  perfo rm ed  a sim ilar analysis for the C 2H 5O 2 
iso topo logue. T his experim en ta l spectrum  has been  s im u­
la ted  at a ro ta tional tem pera tu re  o f  16 K  w ith  a Voigt profile 
w ith  a G aussian  com ponen t o f  250  M H z and a L oren tz ian  
com ponen t o f  1400 M H z. A  sim ilar varia tion  in th e  L oren t-
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FIG. 3. Expanded scale for the C2H5O2 radical G conformer. The top green 
traces are the experimental spectrum shifted upward by 0.5 ppmp while the 
bottom red traces are the fitted spectra using the constants in Table II. Axis 
conventions are the same as Fig. 1.

zian  com ponents for C D 3O 2 and C H 3O 2 w as p rev iously  
n o ted .50 T he  m ost p robab le  exp lana tion  is tha t the L oren tz ian  

com ponen t resu lts from  life tim e b roaden ing  in the A  state 
perhaps due to  in ternal conversion , w h ich  is m ore  facile  in 
the H  iso topo logue. A t p resen t, analyses are p roceed ing  on 
the spectra  o f  p ropy l and  pheny l peroxy. W hen  these  are 
com p lete  w e h o p e  to  b e  ab le  to p ub lish  a m ore  com plete  
exp lana tion  o f  this in teresting  phenom enon .

T he resu lts  for C 2H 5O 2 are  sum m arized  in  T able II and 
in F ig . 3 . It is c lear tha t th e  sim ula ted  spectra  are again  in 
near perfec t ag reem en t w ith  the experim en ta l trace. C o m p ar­
ing th e  experim en ta l and ca lcu la ted  param eters in  T able II 
w e cam e to th e  sam e conclusion , i.e., M P 2(F U L L ) m akes the 
b est p red ic tions for m olecu la r param eters w hile, o f  the three, 
the B 3LY P m ethod  p red ic ts m ost poorly. H ow ever, the 
agreem en t be tw een  the  p red ic ted  and the fitted  m olecu lar 
param eters is p o o rer b y  a factor o f ~ 2  for C 2H 5O 2 com pared  
to C 2D 5O 2. T his can b e  exp la ined  by  the fact that the 
C 2H 5O 2 spectrum  is no t as reso lved  as its iso topologue.

W e h ave  also  ob tained  the spectra  for the C 2H 5O 2 and 
C 2D 5O 2 rad ica ls u nder som ew hat w arm er cond itions o b ­
tained  by  reducing  th e  back ing  p ressu re  u pstream  o f  our slit 
je t. F igu re  4 confirm s th e  param eters from  the 15 K  spectra  
w ell sim ula te  th e  w arm er C 2H 5O 2 spectrum  (fit at 32 K) and 
that o f  C 2D 5O 2 (fit at 28 K ).

B. The T conformer of the ethyl peroxy radical

S ince the T  confo rm er o f  the ethy l p e roxy  rad ica l has C s 
sym m etry, its e lec tron ic  transition  d ipo le  m om en t lies along 
the c-axis and the sp in -ro tation  tenso r com ponents c and e 
are equal to zero  by  sym m etry . N orm ally , th is w ou ld  g ive  the 
T  con fo rm er a sim pler and som ew hat stronger spectrum .

17H ow ever, R upper e t al. ca lcu la ted  tha t in  th e  g round  e lec ­
tron ic  state, th e  T  confo rm er lies about 80 cm -1 above the G 
conform er. U nder equ ilib rium  cond itions at T  ~  15 K , w e 
could  expect the ratio  o f  popu la tions betw een  the T  and  the 
G  con fo rm er w ou ld  b e  o f

W a v e n u m b e r s /c m '1

FIG. 4. Experimental and simulation of the warmer spectra of the normal 
and deuterated ethyl peroxy radical G conformer. The top panel represents 
the normal isotopologue with the top green trace the experimental spectrum 
and the bottom red trace the simulation using the fitted constants in Tables 
III and IV. The bottom panel represents the deuterated isotopologue with the 
experimental spectrum on top and its simulation at the bottom. For both sets 
of traces, the experimental spectrum has been shifted upward by 2.0 ppmp. 
Axis conventions are the same as Fig. 1.

—  = i e “7'7 = 4 .7  X 10-4 , (22)
N g 2 ’ V ^

w here  th e  factor o f  1/2 resu lts from  th e  tw o m irro r im age 
enan tiom ers o f  the G  conform er. N onetheless, w e decided  to 
search  for the T  conform er, a lbeit at som ew hat h ig h er tem ­
pera tu res using  low er back ing  pressu res. W e w ere  ab le  to 
reco rd  w arm er spectra  for bo th  C 2H 5O 2 and C 2D 5O 2, w hich  
are show n w ith  their sim ulations, in  F igs. 5 and 6 , re sp ec ­
tively. T he ro ta tional tem peratures w ere  found  to  b e  9 9  K  for 
the  norm al species and 73 K  for the d eu tera ted  one. T h ere ­
after w e also observed  T  con fo rm er spectra  u nder the 15 K

W aven um b ers  /  c m -1

FIG. 5. Experimental and simulated spectra of the T conformer of the 
C2H5O2 radical. The upper panel shows an enlargement of a 5 cm-1 section 
of the lower panel. In each panel, the top trace is the experimental spectrum 
shifted upward by 0.5 ppmp while the bottom trace is the simulated spec­
trum, using the fitted constants in Table III. Axis conventions are the same 
as Fig. 1.
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FIG. 6. Experimental and simulated spectra of the T conformer of the 
C2D5O2 radical. The upper panel shows an enlargement of a 5 cm-1 section 
of the lower panel. In each panel, the top trace is the experimental spectrum 
shifted upward by 0.5 ppmp while the bottom trace is the simulated spec­
trum using the fitted constants in Table IV. The star represents the CD3O2 
radical that was also observed in the experiment. The constants used to 
simulate it are the ones published by Wu et al. (Ref. 27).

ro ta tional tem pera tu re  conditions, a lthough  w ith  re la tive ly  
low  signal/no ise  ( S 5 ) .  T hese  observations allow  us to reach  
the conclusion  that, in  our slit je t expansion , the conform ers 
are no t in  therm al equ ilib rium  w ith  the ro tations.

L ook ing  carefu lly  at F ig . 6 , one can  see on the b lue  end  
o f the spectrum  a b road  feature, w h ich  w as found  and fitted 
to be  the 0^ band  o f  the C D 3O 2 rad ica l. T he  constan ts u sed  to 
fit th is unexpected  band  h ave  been  fixed to the ones pub-

27lished  b y  W u e t al. and only  th e  ro ta tional tem pera tu re  w as 
fitted in th is sim ulation  and w as found  to  b e  83 K . T he in d i­
v idual line  shapes em ployed  in the sim ulations for the T 
confo rm er w ere  sim ilar to  the ones u sed  for th e  G  conform er, 
i.e., Voigt p rofiles w ith  a G aussian  com ponen t o f  445  M H z 
due to  the increased  D o pp ler b roaden ing  at h igher tem pera­
tu re  and a L oren tz ian  com ponen t o f 1400 M H z for the n o r­
m al species and 450  M H z for th e  deu tera ted  one.

Tables III and  IV  show  the ca lcu la ted  and p red ic ted  ro ­
tational and  sp in -ro ta tional constan t for the norm al and  the 
deu tera ted  iso topes o f the T  confo rm er o f  th e  ethy l peroxy  

rad ica l. L ook ing  at these  resu lts  it appears for th e  X  s ta te  o f 
the T  con fo rm er the C C SD  m ethod  is equal or perhaps even 
better than  the M P 2(FU L L ) m ethod . H ow ever, the D F T  
m ethod  still lags these  tw o techn iques and g ives m ore  q u a li­
ta tive  p red ic tions. W hen  looking  at th e  first exc ited  sta te  c a l­
cu la ted  and  p red ic ted  constants, th e  sam e trend  as for the G 
confo rm er can  b e  found, i.e ., the M P 2(F U L L ) p red ic tions are 
c loser to the fitted values than  th e  C C SD .

Finally , if  one com pares the errors be tw een  bo th  isoto- 
po logues o f  the T  confo rm er o f  th e  e thy l peroxy  rad ical, one 
can see tha t they  are a lm ost equ ivalen t, w h ich  is unexpected  
due to  the fact tha t the L oren tz ian  com ponen t o f  th e  Voigt 
p rofile  o f  the perdeu tero  is sign ifican tly  sm aller than  the per- 
p ro teo . T his can  b e  ra tionalized  b y  the fact tha t a sign ifi­
can tly  larger w ater absorp tion  is p resen t in  this p art o f  the 
elec trom agnetic  spectrum  lead ing  to p o o rer b ackg round  sub ­

traction , w h ich  exp lains the  unexpec ted ly  larger errors on the 
fitted  m olecu lar constan ts o f  the perdeu tero  species.

VII. CONCLUSION

W e h ave  successfu lly  reco rded  the p artia lly  ro ta tionally  
reso lved  spectra  for bo th  confo rm ers (G  and T) o f  the ethyl 
pe roxy  rad ical, C 2H 5O 2 and  its perdeu tero  analog, C 2D 5O 2. 
W e h av e  u sed  an E A  approach  to analyze  the observed  spec­
tra. T his approach  has y ie lded  sim ula ted  spectra  v irtually  
ind istingu ishab le  from  th e  experim en ta l traces and p roduced  

a set o f  m olecu la r param eters characteriz ing  the X  and A  
states o f  the radicals.

In  earlie r ro o m  tem peratu re  w ork  on ethy l p e roxy  it w as 
recogn ized  tha t th e  spectra  o f  tw o confo rm ers c lea rly  ex ­
isted . T he  assignm ent o f  the tw o orig in  bands to  g iven con- 
form ers w as in itia lly  based  upon  an a b  in itio  p red ic tion  that 
the  T  con fo rm er orig in  w as at low er frequency. Support for

17this assignm ent w as g iven  b y  an analysis o f  th e  ro tational 
con tours o f  the band . O b tain ing  a com plete  set o f  ro tational 
constan ts characteriz ing  the respec tive  bands and com paring  
them  to those  expected  based  upon  the co n fo rm ers’ g eo m ­
etries rem oves any rem ain ing  doub t about the con fo rm er a s­
signm ent.

Furtherm ore , com parison  (see Tables I- IV ) o f  the ex ­
perim en ta l param eters w ith  those  from  elec tron ic  structure  
ca lcu la tion  allow s us to b enchm ark  the latter. W e h av e  fu r­
ther dem onstra ted  that w e w ere  able to p red ic t th e  observed  
sp in -ro tation  constan ts using  the  iso top ic  substitu tion  ap ­
p ro ach  p roposed  b y  B row n, Sears, and  W atson 37 and ex ­
tended  by  T arczay e t a l .49

T he fact tha t w e w ere  ab le  to obtain  and analyze spectra  
from  the h igher energy  T  confo rm er leads to  the conclusion  
tha t in our je t expansion , th e  confo rm ers are no t p roduced  in 
therm al equ ilib rium . T his w ork  show s tha t observ ing  a n d  
analyzing  the spectra  o f  even  larger rad ica ls are qu ite  fea­
sible.

ACKNOWLEDGMENTS

T he authors g ra tefu lly  acknow ledge th e  support o f  the 
U .S . N ationa l S cience  F oundation  v ia  G ran t N o. C H E- 
0511809 and the O hio  Supercom puter C enter.

1P. D. Lightfoot, R. A. Cox, J. N. Crowley, M. Destriau, G. D. Hayman, 
M. E. Jenkin, G. K. Moortgat, and F. Zabel, Atmos. Environ. 26A, 1805 
(1992).

2G. S. Tyndall, R. A. Cox, C. Granier, R. Lesclaux, G. K. Moortgat, M. J. 
Pilling, A. R. Ravishankara, and T. J. Wallington, J. Geophys. Res. 106, 
12157 (2001).

3M. J. Pilling, Chemical Kinetics, Low-Temperature Combustion and Au­
toignition (Elsevier, Amsterdam, 1997), Vol. 35.

4T. J. Wallington and O. J. Nielsen, Peroxyl Radicals (Wiley, New York, 
1997), p. 457.

5G. J. Frost, G. B. Ellison, and V. Vaida, J. Phys. Chem. A 103, 10169 
(1999).

6 H. J. Curran, P. Gaffuri, W. J. Pitz, and C. K. Westbrook, Combust. Flame 
114, 149 (1998).

7H.-H. Carstensen, C. V. Naik, and A. M. Dean, J. Phys. Chem. A 109, 
2264 (2005).

8T. A. Miller, Mol. Phys. 104, 2581 (2006).
9T. J. Wallington, P. Dagaut, and M. J. Kurylo, Chem. Rev. 92, 667 

(1992).
10J. A. Jafri and D. H. Phillips, J. Am. Chem. Soc. 112, 2586 (1990).

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1029/2000JD900746
http://dx.doi.org/10.1021/jp9917547
http://dx.doi.org/10.1016/S0010-2180(97)00282-4
http://dx.doi.org/10.1021/jp0451142
http://dx.doi.org/10.1080/00268970600747746
http://dx.doi.org/10.1021/cr00012a008
http://dx.doi.org/10.1021/ja00163a017
http://jcp.aip.org/jcp/copyright.jsp


184303-11 HiRes CRDS of jet-cooled ethyl peroxy radical J. Chem. Phys. 131, 184303 (2009)

11 O. J. Nielsen and T. J. Wallington, Peroxyl Radicals (Wiley, New York, 
1997), p. 69.

12 H. E. Hunziker and H. R. Wendt, J. Chem. Phys. 64, 3488 (1976).
13M. B. Pushkarsky, S. J. Zalyubovsky, and T. A. Miller, J. Chem. Phys.

112, 10695 (2000).
14 S. J. Zalyubovsky, B. G. Glover, T. A. Miller, C. Hayes, J. K. Merle, and 

C. M. Hadad, J. Phys. Chem. A 109, 1308 (2005).
15G. Tarczay, S. J. Zalyubovsky, and T. A. Miller, Chem. Phys. Lett. 406, 

81 (2005).
16B. G. Glover and T. A. Miller, J. Phys. Chem. A 109, 11191 (2005).
17 P. Rupper, E. N. Sharp, G. Tarczay, and T. A. Miller, J. Phys. Chem. A 

111, 832 (2007).
18C.-Y. Chung, C.-W. Cheng, Y.-P. Lee, H.-Y. Liao, E. N. Sharp, P. Rupper, 

and T. A. Miller, J. Chem. Phys. 127, 044311 (2007).
19 E. N. Sharp, P. Rupper, and T. A. Miller, J. Phys. Chem. A 112, 1445 

(2008).
20 E. N. Sharp, P. Rupper, and T. A. Miller, Phys. Chem. Chem. Phys. 10, 

3955 (2008).
21 S. J. Blanksby, T. M. Ramond, G. E. Davico, M. R. Nimlos, S. Kato, V. 

M. Bierbaum, W. C. Lineberger, G. B. Ellison, and M. Okumura, J. Am. 
Chem. Soc. 123, 9585 (2001).

22 G. Meloni, P. Zou, S. J. Klippenstein, M. Ahmed, S. R. Leoni, C. A. 
Taatjes, and D. L. Osborn, J. Am. Chem. Soc. 128, 13559 (2006).

23 D. B. Atkinson and J. L. Spillman, J. Phys. Chem. A 106, 8891 (2002). 
24H. B. Fu, Y. J. Hu, and E. R. Bernstein, J. Chem. Phys. 125, 014310

(2006).
25P. Dupré and T. A. Miller, Rev. Sci. Instrum. 78, 033102 (2007).
26S. Wu, P. Dupré, and T. A. Miller, Phys. Chem. Chem. Phys. 8, 1682 

(2006).
27S. Wu, P. Dupré, P. Rupper, and T. A. Miller, J. Chem. Phys. 127, 

224305 (2007).
28 L. S. Rothman, D. Jacquemart, A. Barbe, D. C. Benner, M. Birk, L. R. 

Brown, M. R. Carleer, C. Chackerian, J. K. Chance, L. H. Coudert, V. 
Dana, V. M. Devi, J. M. Flaud, R. R. Gamache, A. Goldman, J. M. 
Hartmann, K. W. Jucks, A. G. Maki, J. Y. Mandin, S. T. Massie, J. 
Orphal, A. Perrin, C. P. Rinsland, M. A. H. Smith, J. Tennyson, R. N. 
Tolchenov, R. A. Toth, J. V. Auwera, P. Varanasi, and G. Wagner, J. 
Quant. Spectrosc. Radiat. Transf. 96, 139 (2005).

29 S. Gopalakrishnan, C. C. Carter, L. Zu, V. Stakhursky, G. Tarczay, and T. 
A. Miller, J. Chem. Phys. 118, 4954 (2003).

30 R. N. Zare, Angular Momentum (Wiley Interscience, New York, 1988).
31 J. H. Van Vleck, Rev. Mod. Phys. 23, 213 (1951).
32W. T. Raynes, J. Chem. Phys. 41, 3020 (1964).
33 R. F. Curl and J. L. Kinsey, J. Chem. Phys. 35, 1758 (1961 ).
34A. Carrington and B. J. Howard, Mol. Phys. 18, 225 (1970).
35 X. Q. Tan, J. M. Williamson, S. C. Foster, and T. A. Miller, J. Phys.

Chem. 97, 9311 (1993).
36J. M. Brown and T. J. Sears, J. Mol. Spectrosc. 75, 111 (1979).
37 J. M. Brown, T. J. Sears, and J. K. G. Watson, Mol. Phys. 41, 173 (1980).
38 V. L. Stakhursky and T. A. Miller, 56th OSU International Symposium on 

Molecular Spectroscopy, The Ohio State University, Columbus, 2001, 
Vol. TC06, p. 107.

39 W. L. Meerts and M. Schmitt, Int. Rev. Phys. Chem. 25, 353 (2006).
40 G. Myszkiewicz, W. L. Meerts, C. Ratzer, and M. Schmitt, J. Chem. 

Phys. 123, 044304 (2005).
41 J. A. Hageman, R. Wehrens, R. de Gelder, W. L. Meerts, and L. M. C. 

Buydens, J. Chem. Phys. 113, 7955 (2000).
42W. L. Meerts, M. Schmitt, and G. Groenenboom, Can. J. Chem. 82, 804 

(2004).
43N. Hansen and A. Ostermeier, Evol. Comput. 9, 159 (2001).
44 A. Ostenmeier, A. Gawelcyk, and N. Hansen, Parallel Problem Solving 

from Nature, P PSN III (Springer, Berlin, 1994), Vol. 3.
45 I. Kalkman, C. Vu, M. Schmitt, and W. L. Meerts, ChemPhysChem 9, 

1788 (2008).
461. Kalkman, C. Brand, T.-B. C. Vu, W. L. Meerts, Y. N. Svartsov, O. 

Dopfer, K. Mueller-Dethlefs, S. Grimme, and M. Schmitt, J. Chem. Phys. 
130, 224303 (2009).

47M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., GAUSSIAN 03, Revision 
C.02, Gaussian, Inc., Wallingford, CT, 2004.

48 J. B. Foresman and Æ. Frisch, Exploring Chemistry with Electronic 
Structure Methods, 2nd ed. (Gaussian, Inc., Pittsburgh, PA, 1996).

49 G. Tarczay, S. Gopalakrishnan, and T. A. Miller, J. Mol. Spectrosc. 220, 
276 (2003).

50 J. Liu, M.-W. Chen, D. Melnik, T. A. Miller, Y. Endo, and E. Hirota, J. 
Chem. Phys. 130, 074303 (2009).

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1063/1.432606
http://dx.doi.org/10.1063/1.481705
http://dx.doi.org/10.1021/jp0457850
http://dx.doi.org/10.1016/j.cplett.2005.02.089
http://dx.doi.org/10.1021/jp054838q
http://dx.doi.org/10.1021/jp066464m
http://dx.doi.org/10.1063/1.2747616
http://dx.doi.org/10.1021/jp077521u
http://dx.doi.org/10.1039/b800954f
http://dx.doi.org/10.1021/ja010942j
http://dx.doi.org/10.1021/ja010942j
http://dx.doi.org/10.1021/ja064556j
http://dx.doi.org/10.1021/jp0257597
http://dx.doi.org/10.1063/1.2209680
http://dx.doi.org/10.1063/1.2670804
http://dx.doi.org/10.1039/b518279d
http://dx.doi.org/10.1063/1.2802202
http://dx.doi.org/10.1016/j.jqsrt.2004.10.008
http://dx.doi.org/10.1016/j.jqsrt.2004.10.008
http://dx.doi.org/10.1063/1.1545441
http://dx.doi.org/10.1103/RevModPhys.23.213
http://dx.doi.org/10.1063/1.1725668
http://dx.doi.org/10.1063/1.1732140
http://dx.doi.org/10.1080/00268977000100241
http://dx.doi.org/10.1021/j100139a010
http://dx.doi.org/10.1021/j100139a010
http://dx.doi.org/10.1016/0022-2852(79)90153-X
http://dx.doi.org/10.1080/00268978000102661
http://dx.doi.org/10.1080/01442350600785490
http://dx.doi.org/10.1063/1.1961615
http://dx.doi.org/10.1063/1.1961615
http://dx.doi.org/10.1063/1.1314353
http://dx.doi.org/10.1139/v04-037
http://dx.doi.org/10.1162/106365601750190398
http://dx.doi.org/10.1002/cphc.200800214
http://dx.doi.org/10.1063/1.3149780
http://dx.doi.org/10.1016/S0022-2852(03)00131-0
http://dx.doi.org/10.1063/1.3072105
http://dx.doi.org/10.1063/1.3072105
http://jcp.aip.org/jcp/copyright.jsp

