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PART I. THE MICROWAVE SPECTRUM AND RING PUCKERING POTENTIAL 
OF 1,1 DIFLUOROCYCLOPENTANE 

PART II. COMPUTERS AS INTERACTIVE DEVICES IN CHEMICAL EXPERIMENTS 

Richard Millikan 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
and Department of Chemistry, 

University of California, Berkeley, California 

ABSTRACT 

The microwave spectrum of ;1.,1 difluorocyclopentane has been studied 

in detail. The rotational spectra for the lowest ten vibrational states 

have been assigned. Microwave-microwave double resonance techniques have 

been used extensively in the assignment of two of these states. An 

analysis of the vibration-rotation interaction present in the spectra 

has yielded a determination of the potential energy surface governing 

the, out-of-plane motions of the ring-skeletal atoms. The molecule was 

-1 found to be stably bent with a barrier to pseudorotation o~ 280:f:20 cm 

An interpretation of the potential in terms of a molecular model for the 

out-of-plane vibrations has been made. Under the assumptions of this 

mc?del, it is found that the effective CB2-CF2 torsional barrier is less 

, 8-1 
than the corresponding CB2~CB2 one by at least 0 cm • 

An interface between a Varian A-60 NMR spectrometer and a small 

digitaJ.. computer is described. A number of general aspects o'f the use 

of computers as interactive elements in chemical experiments are dis-

cussed with relation to our experience. 
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PART I - THE MICROWAVE SPECTRUM AND RING PUCKERING 
POTENTIAL OF 1,1 DIFLUOROCYCLOPENTANE 



A. INTRODUCTION 

The microwave study of l,l-difluorocyclopentane was undertaken in 

order to gain a better understanding of the nature, of out-of-plane 

bending vibrations in small ring compounds and in particularoi' the 

effe6t of small changes in molecular geometry on these motions. As such 

it is best considered with relation to similar stU:dies on tetrahydrofuran 

and 2,5-dihYdrOfuran
l 

and also the four-membered rings trimethylene 

oxide,2 trimethylene sulfide3 and 1,1-difluoroCYClobutane.
4 

In five-membered rings there are two ,out-of-plane ,vibrational 

modes. In saturated rings particularly, both of these modes, one of v:hich 
. I 

we label a IItwist" and the other a lib end , II have a low fundamental fre-

quency and a large amplitude and are not in general well described by a 

harmonic potential. In addi t,ion there is the possibility that, if 

sufficiently nearly degenerate, the two modes may couple to give rise 

to the phenomenon of pseudorotation. 5,6 In this case vibrational energy 

may be ,transferred around the ripg without the molecule I sapproaching a 

planar configuration. The "phase" of the ring puckering motion rotates 

while the amplitude remains nearly constant. 

The point of departure for the study of five membered rings is 

cyclopentane. The symmetry of cyclopentane requires that the bend and 

twist be degenerate. The molecule almost certainly exhibits free pseudo­

rotation as postulated byPitzer5 to explain entropy data. A rece,nt 

infrared study7 has demonstr~tedthe existence ofpseudorotati'on-like .. 

energy levels in cyclopentane. In tetrahydrofuran the symmetry is 

reduced by the replacement of one methylene group by an oxygen at()m. 

Detailed infrared
8 

and microwave studies
6 

have shown thattetrahydro:;:'uran 

does exhibit pseudo,rotation, but that the reduction of the molecular 
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s;Y1mnetry from D5h to C
2v 

leads in this case to a small barrier 0::' ao::;v,~ 

-1 30 em • rThe purpose of this study is to determine 'the effect 0:;, the re-

l)lacement of one of the methylene groups of cyclor",)enta.ne by· a CF' lYlP" 1: 2 J ~, ... d.l 

on the molecular conformation and 01;1 the dynamics of ring plckerir;g. 

is clear that tvlO effects will be in evidence i one the dra.stic Y(,as::; cl"taYlge 

at one point of the ring skeleton, and the other the chemical chaY,ge dUE: 

to the difference in size and electron affinity of hydrogen apd fluorine 

substituents. It is hoped that a better understanding of the n&tt;.re 0: 

Im'i frequency ring bending vibrations will result, and also less d.irectly) 

on 1.Ulderstanding of the effect of fluorine substitution on the valence 

force fields in a variety of molecules; 

Microwave spectroscopy has proven to be an exceedingly povlerful 

tool for th)! analysis of low frequency vibrations in a nurr.ber of Y."lolect;.les. 

Tne quantum mechanical averaging over the vibration of the instantane.ous 

rotationa.l constants leads to a- separat:r set of constants and a separate 

yotational spectru;m for each vibrational energy state. The variatioL of 

yotational constants with vibrational eigenstate may be related to 

expectation values of the vibrational coordinates and thuse to a quantlliil 

mechanical model for the skeletal motions. '(men vibrational levels a1"e 

very nearly degenerate, perturbations to the normal rigid rotoy HamL .. tonian 

,;lay be" evaluated to give directly precise vibrational ene:r:gy splittings. 

Such effects have previously been observed in a number of molecules and 

have been of great value in determining the 'vibrational energy T"anifo::"'d. 

This study of l,l-difluorocyclopentane was begun by ChadwicK Tol;r.an. 

His results are described in detail in reference 9. They are briefly 

s1.,;;;iJnarized here.. The rotational spectra for the ground and first four 

'1' 

\J .. 
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- ' .. ". excited states were observed and assigned for the parent compour~cl au;, t,;-;e 

2,2,5,5 tetradeutero analog. Small deviations from the riGid Yot8r 

predictions were observed, but were not explained. ApIJroximate ~elative 

intensity data showed the f1rs't four excited states to lie ·,Iithir, aOo.it 

1 ' 80 cm- of the ground state. 

, Tne variation in the Band C rotational consta.nts as ,'dell as relative' 

intensity data suggested strongly that the vibrational levels occur n,:; 

nearly degenerate pairs with the degeneracy decreasing with increasing 

vi"oration quantum number. This in turn suggests a vibrational rr.otior, 

determined by a double minimum potential with a barrier greater than 

the energy of the highest observed pair levels. Careful Stark yr,easure-

ments and an analysis of the change in rotational constants with Cieu­

tel'ium substitution at the a-positions" showed that the molecule c9r~ot be 

permanently bent. The conclusion was that l)l-difluorocyclopentane is 

~)ermanently twisted by about 35° and the vibrational motion about this 

configuration is nearly pure bending. 

Tne present study represents an attempt to check the previous cor,-

clusions and to go beyond them to give a qua.ntitative picture of the 

out-of-plane motions in this molecule. 

B. EXPERTIvIENTAL 

Tne sample of 1,1 difluorocyclopentane'used for all micrm-'Iav.:;: 

measurements was either that used previously by Chadwick Tolrr.ian or one 

prepared in an identical manner. 9 ',' It was found to be essentially pure 

by gas phase chromatography. 

The microwave spectra .were run on a conventional 5 kC/ sec SL'irK 

moQl.llated spectrometer with phase-locked source.
10 

Spectra were tal'i:en 

in the region 8-40 kJnc/ sec in a 12 foot absorption cell c.ooled t~) Cir;)" 
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ice temperature. The use of backward diode detectorsll in thE: ::'l'e-::;t.:Co :-iCY 

region below about 26 lanc/ sec was found to improvesignal-to-Yjc,:',::;e 

considerably over conventional crystals. A solid fitate square "do.ve 

genel'ator with exceptionally flat "off-time" was useful for T;.ea3ure;~,r::r/cs 
'Y' 

on a number of line s with very "fast" Stark effect. A few of t['>E: 

weakest absorption lines were measured on a computer-coupled on-line 

t h12 , 13 . t . . d d' . t 1 ~ " 1+ " t"" spec rograp us~ng ~me averag~ng an ~g~ a Il. "eYlng ecnnH.ilJ.e;:; 

to increase signal-to-noise. Except where noted frequenci.:~s are me6.s"J.Yea, 

accurate'to 0.02 mc/sec. 

C. THE SPECTRUM 

The microwave spectrum of 1,1 difluorocyclopentane is quite 

characteristic of a near symmetric prolate top with a-dipOle selectior> 

rules. No strong Q.-branch transitions appear in the region 8-40 l":mc/ se.c •. 

R band transitions (J ~ J+l) are observed from J=l to J=8. Foy each 

rotational transition a large number of vibrational satellites are in 

evidence, immediate evidence for a dense vibrational energy manifolci. 

These occur in pairs separated by 50-200 mc/sec. Tne sp~ittinginthe 

strongest pair, assigned to the v=O,l states, was too sT[,all to be ooservea 

except as a ,slight broadening of one J=8 ~ J0::9 line. The next tv!O ~)ai~'s 

assigned to v=2,3 and v=4,5 states showed increasing splittings, the 

largest being about 5 mc/sec. Spectral lines for these six vibrc1.tb;lQl 

ci.;ates were assigned by Dr. 'folman to a normal rigid-rotor hamiltonict:';.: 

Small deviations of 1 or2 me/sec from the predicted frequencies were 

observed. 

Transitions for the next two vibrational states are in many cases 

split far enough so· as to make their identification by the character:L.;t::.c 

doubling impossible. In addition, it became clear relatively early ttat 
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these states were not "rigid" - i. e. their spectra could not be 

characterized by the normal free rotor Hamiltonian H== AP A 
2 + B?.13 

2 
+ C?C 

2
• 

Similar behavior has' been observed in the spectra of cyanamide ll and a 

1 3 4 15 number of ring compounds, ", and in the se ,case s was explained by a 

Coriolis coupling between vibrational angular momentum and the overall 

rotation of the molecule. The following two sections discuss the vibration 

rotation hamiltonian. Each rotational transition is seen to be dependent 

upon eight parameters: the rotational constants for two vibrational states, 

the energy splitting and the perturbing matrix element. Tnese were all 

treated as empirical parameters to be determined by the data. Identifica-

tion on the basis of Stark effect was at best somewhat unsure since the 

low J lines ·for these states were very weak and resolution of the many 

Stark components. of the higher J Hnes was not found to b.e possible in 

most cases. 

Because of these difficulties, a number of double resonance exper:L'1lents 

were undertaken. These are described in a later section. Tne results 

of these experiments led to several revisions in assignment. The final 

unambiguous assignment was found to be quite well represented by our 

theory (Table II). The vibrational energy splitting is 692±10 me/sec, 

or only O. 023 
-1 

em 

The data described strongly suggest a vibrational motion determined 
i 

i 

by a double minimum potential, with a barrier above the energy of the 

v==6,7 states. 
-1 

Relative inten9ity measurements put this energy at 80-130cm 

above the ground state. In order to determine the nature of the potential 

near the barrier, a search was made for transitions assignable to higher 

vibrational·states. Two sets of transitions consistent with.a rigid-rotor 

hamiltonian were found and assigned to the v=8 and v==9 states. The 



· Table I 

L .\ :3 ::: L ('\ L C • E)I' :>. E ;<? • - C j\ L. C .::l ~ >: PF,J 1\ T i :) ;'1 

'/ = 1+ 2 ( 1 , 2' - 3( 1 , 3 , 1 ;( 9 )) • 6 ') 1 2 9 J 1 • 2 J • 5 5 • 6 8 
V =5 :~(1,?) - 3{1~3) 1~9)1.05 12901.20 .15 1.24 
V = 4 '2 (. 1 , 1) - 3 ( 1 , 2 , 1 '3 3 (t 8 • 7 J 1 3 y~ 7 • 98 - • 7 2 - 1 • 24 
'/ ~S 2(1,1) - 3{I,Z) 133~?12 1334j.98 -1.14 -.~8 
If =5 2{2,1) - 3(2,2) 13J31.21 13031.30 .09 -98.93 
V =4 '3(~,3) - h(:},!., 17{.2 t+.05 1742 L,,20 .15 -.00 
V =5 3{.),3) - 4{,::-,,4) 17L.22.88 i7422.91 '.03 -.00 
V =4 3(1,3)-4(1,4) 17191.rS 17191.30 .20 .31 
V = 5 3 ( 1 , '3) - ld 1 , 1+ ) 1 7]: 9 Jog 7 1 7 1 9 ] • 1 I} 0 2 7 • It 2 
'I = h 3 ( 1 , :(.) -u ( 1 , 3 ) 1778 3 .94 1 778 E • 72 - • 22 - • u 2 
'/ = 5 3 ( 1 , ?) - It ( 1 ,3 ) 1 7 7 8 8 • 7 1 1 7 7 8 8 • 7 2 • 0 1 - • 3 1 
V = I~ 3 ( 2 , 1) - 4 ( 2 , ;( ) 1 7 5 6 2 • 7 8 1 7 5 6 2 • 6 8 - • 1 0 - 2 0 0 5 9 
V =5 3(2,1) - 4(2,2) 17568.80 17563.86 .06 -15. h l ~ 
If = 4 1+ ( J , !~) - 5 ( 0 , 5 ) 21 722. 26 21 722. u 8 • 22 - • 0 11 
V =5 4{J,u) - 5{a,5) 21720.16 21720.31 .15 -~Ol 
V = I~ U ( 1 , 4). - 5 ( 1 ., 5 ) 21471+ • 74 2 1 4 74 • 70 - • 04 tl 6 
V = 5 4 ( 1 , '+) - 5 ( 1 , 5 ) . 2 1 /.j. 7 '+ • 19 2 l!t 74 • 20 • 0 1 ~ 20 
If =4 4(ld) - 5(1,4) 22213.61 22218.63 .02 -.20 
II = 5 It ( 1 , 3) - 5 ( 1 , 4 ) , 2 2 :( 1 7 • 9 It 2 '2 2 1 8 , 1 5 • 2 1 - • 1 .s 
If =4 4(3,2) - 5(3,3) 21911.12 21911.13 ~Ol 1.39 
V =5 4(3,2) -5(3,3) 21911.26 21911.36 ~10 1~3S 
V =4 4(3,1) - 5(3,2) 2191~.57 21914.28 -.29 -1.38 
V =5 4(3,1) - 5(1,2) ~1914.8B 21914.56 -.32 -1.39 
V =!+ u ( I~ ,rj) - ? ( l. , 1 ) 2 19:; ? • 4:) 2 1 9 0 '2 • 30 -. 1 0 - • () 2 
'/ = 5 l .. ( '. ,i) - 5 ( 1+ , 1 ) 2 1 9) .< • 54 2190'2. '30 . - • 24 .. 0 1 
If =4 5(0,5) - 6(~,6) 2599J.33 25990.46 .f3 -.01 
\f =5 5(-j,,)) - f)(-:;,6) :.?5i3'1.11 :~~),}37.18 .01 -.!)l 
II = h 5( 1 , ')) - (;, ( 1 , 6 ) ? S 7 S:J • 67 257') 0 • 1+ (, - • 2 1 • 0 'J 
'j ~ ') ') ( 1 , ':i) -- 6 ( 1 , f) ) ? ~i 7 " ') • 7;3 ? ') 7 ,,'} • 63 - • 1 ') • } '-
'j ::', :) ( 1 , .. ) - ~,( 1 , ') ) ~ f) () -', " • :) If ? 66 ;3 " • h 1 -- • (\ 7 -- , 1 1 

." ~ ~) " 
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l'able I (continued) 

L,\ Sf: L Ci\lC. EXP. EXfl.-CALC. :) i ~:.( i!j -: ) (\ I [: j 'j 

V =5 ') ( 1 , I. ) - 6(1,5) 2663'3.28 26633.5:) .22 -.09 
V = t+ 5 ( 2, tL ) - 6(?,5) 26?27.37 26227~66 .29 l+ • 80 

V =5 5 ( 2 , !e ) - 6(2,5) 2S??7.37 26?27.66 .29 5 • L.8 

V =4 5 ( ? d) - 6(2,1+) . 26487.0 l+ 26 Lj.87.24 .20 - 5 .. l~ 7 

'/ =5 5(2,'3)- 6(Z,LI-) ? 6/+ 9'1.01 264S9.q9 -.32 -4.79 
'.J =!. 5 ( .~ ,3 ) -6 ( .. ~ , '+ ) 263:) 3. 10 2S303.42 .32 4.09 
V =5 5 (3d) 6(3.4) 263:)2.56 26302. L.O -.16 3.31 
V =6- 5 ( :3 , 2}-'- 6 ('3 , 3 ) 26312.16 26312.83 .67 -3.31 
V -c:: -J 5 ( '3 t 2 ) - 6 ( '3 ,3·) 26312.05 26312.13 \ .08 .;..~!-. 09 

V =4 6 ( J,6) - i(]; 7) 30232.39 30232.40 .01 -. en 
'I =5 6 (.J, 6) - 7(,),7) '3:)? 2 8 ;25 3) 22f , 16 -.09 -.01 

V =4 6 ( 1 ,6) - 7(1,7) 30013.58 30018.20 -.38 .06 
II =5 6( 1 ,6) - 7{1,7) 30017.3? "30017.06 -.26 "O6 
V =4 6 ( 1 , '3 ) - 7( },6)' 311)32.53 31032.36 -.17 -.07 

- '/ .= 5 6 ( 1 ,5) - 7( 1,6) 31,)3:).39 31030.7'+ .35 -.06 
I 

-.l 

'J = It" 6 ( 2 , 5 ) - 7(2,6) 30574.22 30573.70 -.52 2 ~ 29 " 
I 

\1 = 5 " 6( 2 ,5 ) - 7(2,6) 30573.34 30573.70 .36 2~48 



TEtble II 

LABE'L (ALCe EXP. EXP.-C.ALCt PERTUR8AT 10,\ 

V =6 2(1,2) - 3(193) 12948 .. 45 1294S~35 -.10 15.39 
V =7' 2 ( 1,I ) - 3/1,2) 13360613 13359 0 73 -.40 -15.40 
V =6 3 ( 1,3) - 4(1,4) 172[.5 .. 88 17245e90 .02 10.49 
V =7 3 ( 1,3) - 4{1,4) 17295 .. 99 17296 0 12 .13 62.59 
V =6 3(1,2) - 4(1,3) 17761.53 17761~46 

, 
- .. 07 -62.62 

V =6 4 ( 1,4) - 5(1,5) 21537~88 21537.89 001 6.87 
V =7 4(1,4) - 5(1,5) 21550 .. 46 21550025 -.21 22.39 
V =6 4(1,3) - 5(1,4) 22240.44 22240668 .24 -22.95 
V =7 4(1,3) 5(I,L.) 22253070 22253.90 .20 -6.94-

V =6 4 ( 3,2 ) - 5(3,3) 21957 .. 62 21957 e 61 -.01 1.48 
V =7 4 ( 3,2 ) - 5{3,3) 21'959.81 21959.77 -004 1.98 
V =6 Ld3d) 5 ( 3 ,2 ) 219·59 .. 78 21959.77 -.01 -1.92 
V =7 4 (3,1) - 5(3,2) 21962 .. 94 21963.05 ~ 11 -1.41 I 

V =6 4(4,0) - 5(4.1) 21948.85 21943.54 -.31 -.00 Co , 
V =7 4(4,J) - 5(491) 21950.30 21950.47 .17 .05 
V =6 5 ( 0,5 ) - 6(0,6) 26'062 .. 35 " 26062c65 ,,50 -.64-

V =7 5(0,5) - 6(0,6) 260 /+4.02 26043 d 75 - .. 27 -.78 
V =6 5(1,5) --6(1,6) 25823.66 25823 .. 51 - 0.15 40.51 
V =7 5(1,5) - 6(1,6) 25824.42 25824.46 .o!.;. 10 .. 59 
V =6 5(3,3) 6(3,4) 26358039 26357080 -.59 4.11 
V =7 5(3,3) - 6 ( 3,!.) 26361.60 26361.30 -.30 5.02 
V =6 5(3,2) - 6(3,3) 26364011 26365~30 10 19 -4.91 
V =7 5 (3,2 ) - 6(3,3) 26369.85 26370.20 .35 -3.,99 
V =6 5 (4, 2 ) 6(4,3) 2634L. 0 17 26344.00 -.17 -.06 
V =7 5(4,2) - 6( 4 p3) 26346 .. 49 26346$80 .31· .19 
V =6 5 (5.,0) - 6(5,1) 263 36.64 26336.40 -.24 -.03 
V =7 5 ( 5,0) - 6( 5,1) . 26333.21 26338.55 .34 .04 
V =6 6(0,6) - 7 (J .7 ) 30319032 30318 0 76 -.56 -.SO 
V =7 6 ( 0 ,6) - 7(0,7) 30,2') 5.05 30294.83 -.22 -.94 
V =6 6( 1,6) - 7(1,7) 301:)2.50 30102& 16 -.34 3.00 '--

V =7 6 ( 1 ,6 ) - 7(1,7) 3JO')7.67 30098.01 • 3 L, 5.7? 
V =6 -, (0,7) - 8(0,8) 3 lr 557048 3 l ,5 57. 73 .25 -.86 
V =7 7 (0,7) - 8(0,8) 34528.89 ·34528.91 .02 -.96 

>OJ .. 1'1 
.,. 
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Table III 

V = (3 

Transition Experimcrital Calculated I::xp. - Calc. 
;~ 4(0,4) 5(0,5) 21851.28 21850.56 0.72 -, 

4(4,0) -5(4,1) 21991. 79 21991.92 -0.13' ... 
5(0,5) -6(0,6) 26157.05 t'),.... 1 r: ~ ("'IS 

_01?0. ';1' 0.07 

5(4,1) - 6(4,2) 26394.70 26394.77 -0.07 

5(5,0) - 6(5,1) 26388.40 26388.53 -0.13 

G(O,G) 7(0,7) 30437.04 30437.84 ,~ (~'" 

-li.0u 

6(4,3) - 7(4,lt) 30800. 19 30799.97 .0.22 

6(4,2) -.7(4,3) 30800.19 30800.49 -0.30 

6(5,1) - 7(5,2) 30790.45 30790.36 0.09 

6(6,0) - 7(G,1) 30784.78 30784.87 -0..09 

7(0,7) - 8(0,8) 34697.33 34697.50 0;" 33 , 

7(4,3) - 8(44' , ) 35209.30 35209.24 0 .. 06 

7(4,4) 8(4,5) 35207.61 35207.82 -0.21 

7(5,2) 8(5,3) 35194.12 35193.91 G~21 

7(6,1) - 8(6,2) 35186.05 35185.90 o. 15 

7(7.,0) - 8(7,1) 35180.19 35180.22 -0.'03 

,\ = 4616.15 3 = 2270.60 C =-2125.10 

DJK = -0.004 .. DJJ = -0.001 
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Table DI 

V = 9 

Transition ~xperiU1Qntal Calculat.ed ~:.xp • - C<11 c •. .&> 

4(0,4) - 5(0,5) 21773.05 21773.16 -0.11 
~ 

4(4,0) - 5(L~,1) 22002.03 22002.02 0.01 

5(0,5) -6(0,6) 26043.75 26043.62 -J. 1.3 

r (' 6' o v, ) - 7(0,7) 30296.30 30296.34 -0.04 

6(5 2\ , ) - 7(5,3) 30805.70 30805.69 ·0.01 

~(" 0' \) 0, ) .- 7(6,1) 30797.16 30797.14 0.02 

7(5,3) .. ~(5.4) 35214.60 35214.57 0.03 

7(5,2) - 8(5,3) 35214.60 35214.78 ..... 1 X . -u. J.v 

7(6,1) - 8(6,2) 35202.14 3520L 79 0.25 

7(7,0) - 8(7,1) 35194.12 35194.26 -0. 14 

A = 3419.43 B = 2265.44 C = 2130.25 

DJK = -0.001 D,q = -0.003 

/ 
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Table V ObserJ"ed Rotatj onal Constants 

A B C 

'1=0,1 4175.8 ±2 me/sec 2250.57± .02 mc/sec 2096.36 ± .02 r:.c/ set::. 

v=2 4175.4 ± 2 mc/sec' 2259. 73± .02 mc/sec 2107.55 ± .02 ec/SeO 

-v=3 4177.0±2 mc/sec ·2259.73 ± .02 mc/ sec' 2107.54 ±.O2 """'/s~~ l~~..... c ...... 

v=4 4189.5 ± 5 
\ 

mc/sec 2263.41 ± .03 mc/see 2113.31± .03 rIle/sec 

v=5. 4163.6 ± 5 me/sec' 2263.41± .03 me/sec 2113.29 ± .03 / ..... ",0 c:.'"'" u. __ ee 

v=6 4249.8 ± 5 me/sec 2267.08 ± .03 me/sec 2119.39 ± .03 me/sec 
I 

. v=7 4101.2 ± 5 me/sec .2267.19 ± .05 me/sec 2119.16 ± .03 Ir:e/sec f-J ...., 

v=8 4616 ± 20 me/sec 2270.60 ± .05 me/sec "2125.10 ± .05 rr.'c/sec 

.' v-:19 3441 ± 20 .me/se.c. 2265.90 ± .05 . me/sec 2129.63 ± .05 nie/ see 

DE (4,5) =- cxia < l~ 1 P lis> = .,. 

6.E (6,7)= 6)2.0 ± 10 me/SEC cx •. (61 P1iT) == 231~.2 
:La 

5. 



E. VIBRATION ROTATION INTERACTION·· 

'i'ihen there are vibrations and rotations of comparable frequency in 
. ' , 

a molecule, the two motions may couple and the full intEraction Harr.il-

tonian, 

H=H +H +H 
r vrv 

must be considered. In its most general form this Hamiltonfan may be 

written as: 

B: =L: L: P. . P. • (I-l}ij . 
r i j ~ J 

H =L: L: 1/2 P.e . Pk 
. (~-1) .ek + V( q" ,qk) v .e k 

The in<?-ices i, j run over the spatial coordin.ates x, y, z; .e, k 

run over the normal vibrational modes. Pi is the rotational angular 

momentum about i; P.e is the vibrational linear momentQm conjugate to 

the coordinate q.e •. a is a structural term relating the vibr'ational 

linear and angular momenta. As discus seq in the previous section, the 

requirement that this Hamiltonianbelong'to,the totally symmetric re-

f'resentation,of the molecular point group may eliminate many of these 

terms. Others may be removed with a particular choice of axes. For Gur 

calculations the instantaneous inertial axes were used~ Conside:ring only 

the out-of-plane vibrational modes as coupling appre,ciably with rotation, 

the rotational part of this Hamiltonian becomes: 

H = (AP 2 + :ap 2 + CP 2) + 
abc 

a .p.T) 
2b 2 ~~ 

\~here Pi and P2 are the linear momenta of. the twist and bend maGeS 
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respectively., It should be noted that the rotational constv.nts are 
,. ; 

functiops of ql and ~. 

In the basis set where HI' and, Hv are I diagonal) the final tw:) ter:r.s 

are off-diagonal in twist and bend vibrational states respectively. If 
. '. ':.' , 

all vibrational splittings are much greater than the rotational energy 

differences, these terms may be removed by a seco'nd order perturbation 

treatment yielding a small correction to the A and B rotational constantso 14 

Such conditions are usually trivially small in microwave spectroscopy. 

If, however~ vibrational near degeneraci.es; exist - a situation to be 

~expec~ed in double (or more) minimwn problems - these terms must be 

,treated explicitly. It should be noted that in the litIlit of exact 

vibrational degeneracy, the matri::c elements (v/Pvib/v! ) go to zero in 

such a way that the pert~rbatiorr vanishes. 15 Thus it is only in the 

.'intermediate range where vibrational and rotational sp1ittings are 0: 

the same order that large perturbations to the !frigid" spectrum are to 

expected .. 

In l,l-difluorocyclopentane the first two pairs of levels shov:ed 

no Coriolis perturbations of the type described above, though there were 

small deviations from rigid rotor assignments of some high J lineS due to 
centrifugal distortion. The next several'stateshowever, showed definite 

'perturbations attributable toa P P coupling term. The assignments of v a 

these states is discussed in Section IC. In the calculation of these 
1. . ",' 

assignments only one vibrational apli tting is treated explicitly; the 

corrections due to all other terms are absorbed into the rotational 

constants. Thus eight independent parameters - six rotationalconstan~sJ 

the, vibrational splitting and the magnitude of t~e perturbing IT.a trix 

element - a!e required to determine the rotational spectra for the t\·:o 

states. An iterative, procedure like that discussed in reference' 15 \Vas 
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ll:;cd t;) :f'it the ob,jervea transitions to the;;;E: p8.Tarneteri:;~ 

SllO\'J a portion of the vibronic encr~'y manifold fOT tnE: v=l~, 5 ur.c. V'.=.0) 7 

systems showinG schematically the' interactions causing the strGi;gef:;-;:' 

~'crtllrbations • 

As discussed in Section IG, analysis of the variati6n Of YGtatior.al 

constants with vibrational state allows at best a determination of or:1:/ 

the shafe. of the vibrational potential. Coriolis interactions as 

discussed above yield absolute energy separations and Yn2..y give a rmlch 

more accurate potential scale factor than intensity measurements, as 

well as information on the shape. 

F. DOUBLE RESONANCE EXPERIME!IJ'TS 

A number of experimenters have shown that microwave-microvJave 

double resonance experiments may be of great assistance in the assign-

. ~ . 4 16-18 
ment 01 complex spectrwn. ' Particularly when there is a questior. 

as to which of several vibrational states a transition belongs, and 

consequently Stark effect measurements are of no use in assigmr.ent (thE: 

Stark effect of a given rotational transition is usually quite si";;lilar 

in different vibrational states), these experiments, if successful, ea:') 

be decisive in assignment. Such was tq,e case in the assignment of tl-.e 

v=6,7 spectrum of, l,l-difluorocyclopentane. 

In microwave-microwave double resonance, one rotational transition 

is irradiated at high power. The normal microwave spectrum of or.ly tik 

transi.tions with an energy level in common with the pumped transition ,,.:i11 

be affected. In our experiments the pumping klystron was frequer.ey 

;wdulated, creating a population modulation of the upper and lowe:c leVels. 

of the irradiated transition. Only transitions involving one of these 

levels then could be detected by phase sensitive detection. 
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In practice a small (5-20 V) 5 kc/s~c square ""lave v/8.~~ ap[;Jied" 'C'J 

the reflector of the pumping klystron ,'Ihile its IIzero-voUII frerll.'(;[lcy 

,vas slowly swept mechanically. The observing klystron vw.oS ph8.;~ecl-J.(~cY:ed, 

Ollt not Sl-Ie-pt. The experimental arrangement vlas similar, though l'}')t 

identical, to that used by previous experimenters. The pumping i:lyst:c:::m 

",·;as operated at lower frequency and at opposite ends of the absor[,ti0r. 

cell from the observing source. It was usually operated at maxi,CJY;i ;,o',:e1' 

(100 to 700 mw). The high power was decoupled from]the detection clbc.8' 

by a high directivity direction coupler and a section of vlaveg;,,;,ide jc:::t 

too small to pass the lower frequency. It was found very important to 

isolate the detector ground from that of the klystron by introducing a 
, 

r.'1ylar spacer in the plumbing. The generation of harmonics. of the purr.ping 

frequency must be avoided. as much as possible as they vlill pass the 

waveguide filter. In particular it was found that removal of the crystal 

. used to monitor the pumping source I s frequency decreased the proble:n of 

"hills II (frequency dependent modulation of the power reaching the detector 

"lhich is independent of the presence of a sample). Introduction of a 

tunable band-pass filter
4 

in series with the cut-off filter was also 

occasionally useful. Figure 3 shows a diagram of the experir{Jental 

arrangement •. 

Despite the precautions taken, the presence of "hills ll ,vas at tirrles . 

a severe drawback, requiring repeated experiments with and vJ:lthout '::;:'::'i:.ple. 

IT,(: intensity of the double resonance transition was found to be a sensi-, 

tive function of pressure and pumping power. Absolute power was not 

continuously monitored, and the follmving remarks are intended or:ly. to 

give a qualitative picture of some obSErved effects. Figure 1;. sno'.'iS 

the v=6 3(1,2) - 4(1,3) (---) 4(1,3) 4(1;4) transition as ~ functi~n 
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of pl'essure. The pumping power in this caee viaS 'fairly 10'11 (ca .• lOG Y;":!)} 

and the decrease in intensity with increasing pressure is exp18~nEd ~s 

a decrease in the.degre~ of saturation along with an increasing line 

width. At constant pressure and low pumping power an increase in pOT/,ef' 

increases line intensity, but also shortens the lifetime of the states 

bounding the transition causing an increase in linewidth both in the 

pwnping and observing frequency domains. In practice it was founa. thst 

at powers around 1/2 watt, there was li tt1e. decrease in the intensity 

of the double resonance transition as the observing klystron vias moved 

as far as 5 mc/sec from the line center.. On some of the stronger t:can-

sitions, however, it was found possible to reduce' power sufficiently 

to obtain resolution of less than I mc/sec. Figure 5 ShOe,IS the trarisi-

tions v=o and v=7 4(1,4) - 5(1,5) (--) 5(1,5) - 6(1,6). Tr& rEsults 

show conclusive-ly that the transition line at 26023.51 is connected to 

one near 21550 and that the line at 26024.46 is connected to one nea::c 

21538. This experiment led to an important revision in assignment :o::c 

the v=6 and v=7 states. 

The spectra in Fig. 6 suggest strongly that both the lines p:cevioLlsly 

observed at 30294.83 mc/sec and 30296.30 mc/sec are coupled to a transition 

line near 26043. This was given further credence in a subsequent ex-

periment showing a connection between 26043.75 and both 21767 and 21772 

mc/sec. These experiments gave the first clue in the assigllillent of 

v=) state. 

Table VI lists the double resonances observed. These experiilients 

"Iere crucial' in the assignment of the highly perturbed v=6, 7 states} 

and gave valuable clues to the correct assignment in other states. 

.... 
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Table VI 

Observed Double Resonance Transitions 

v = 4,S S(l,S) - 6(1,6) , ~ 6(1,6) - 7(1 7\ , ,,) 

V = 4, S S(2,4) - 6(2~S) • '" 6(2, S) - 7(2,6) 

V 
/' 3(1,3) ..: 4(1,4) = 0 .. ~ 4(1,4) ~ I i - \ 

-"..J\.~,')). 

V = 7 3 (1,3) - 4(1,4) .. '" 4(1,4) - 5(1,5) 

V 
/' 3 (1,2) - 4(1,3) po 4(1,3) -5(1,4) = 0 .. 

V = 6 4(0,4) - 5(0,5) .. • 5(0,5) - 6(0,6) 

V = '7 4(0,4) - 5(0,S) 4 ,. S(0,5) - 6(0,6) I 

V 7 S(O,S) - 6(0,6) .. II 6(0,6) - 7(0,7) 

V = 6 S(1,5) - 6(1,6) .. .. 6(1,6) - 7(1,7) 

V = 7 5(1, S) - 6(1,6) ... 10 6(1,6) -' 7(1,7) 

V = 9 4(0,4) - 5(0,5) .. • . 5(0,5) - 6(0,6) 



G. PO'l'l';NTIAL FUNCTION 

The primary objectives of this research are first a deter;n::""ati,':'n 

of the potential function governing the out-of-plane vibrations in 

l,l-difluorocyclopentane and an, understanding of the dynamics of the rilitS 

puckering motions, and second, an interpretation of this potential in terr;.s 

of molecular structure and individual force fields in the molecules. 

This section discusses th~fotential while the next relates this to a 

molecular model. 

Before writing down explicit formulae J it might be well -to discLi.sS 

briefly the types of potentials and molecular motions that ri:ight be 

expected - and which must therefore be able to be tr63. ted by OLi.r theory 

in light of what is known of similar molecular systems. 

Tne stable conformation, and vibrational motion aboLi.t this strLi.cture J 

in ring compounds is largely dependent on the balance of tvlO kinds of 

internal strains: one, the torsional forces between adjacent substitLi.ents 

and in some cases non-bonding electron clouds, and the other, the force 

due to bending about the skeletal atoms. Puckering of the ring decreases 

the torsional strain by: allowing the substituent atoms to move av;ay from 

their planar eclipsed positions; at the same time it decreases the 

average bondang'le. In four ;membered rings where the ring angles are 

already quite strained in the planar configuration~ the two forces, are fairly 

closely bala~ced in the, unbent ring. All of these molecules so far stLi.diec. GaVe 

shown a bllrrier to the planar configuration, of between 30 and 400 

Tne ring angles in 5 membered rings are not highly strained in the 

unpuckered ring; the torsional forces ~ay, hoviever, be quite lari:~e. 

err.! 

Consequently it is expected that ,there will be large potential carrier 

to the pianar configuration. Semi-empirical calcuations like those 

4; 
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described in the next section have been made for a nuniber of molecules; 

all have shown a barrier of around 1000 cm-:l The exception to this 

would be in case of the introduction of a double bond into the ring, 

decreasing the torsional strain to the PC!int where the planar configu:ra-:, 

tion may indeed be the most stable. Microwave studies on dihydrofuran
l 

and CYClopentane19 have shown that the former is planar while the latter 

t . h b . -1 is ben· wlt a arrler of 250-:500 cm to the planar configuration. In 

rings of six atoms, both the torsional and'bending constraints favor a 

puckered ring and the energy barrier at the planar configuration is 

-1 
typically several thousand cm • 

There are two out-of-plane vibrational modes in five merilbered rings 

and the deviation from planarity is distributed among them. In Fig.' 8 

are shown a number of possible potentials' governing the out-of-plane 

motions. All have high central barriers and all are characteristic of 

molecules with at least C2v symmetry in their planar configuration, but they 

differ remarkably in other respects. Figure 8a shows the potential for 

the symmetrical cyclopentaneo Not only are the twist and bending motions 

degenerate, but there is a path of zero energy between the two configurations. 

This is th'e.pseudorotation path. Figure 9 is reproduced from refere:r.ce 9 

to show the relation between the pseudorotation angle and the i:r.dividual 

motions of the atoms. 

Figure 8b shows the effect of removing the degeneracy of the bend 

and the twist, but only slightly. There is now a small barrier to pseudo-

rotation, but the motion is essentially similar to that of cyclopentane. 

This is similar to the potential ,observed for,tetrahydrofuran. In Fig. 

8c the two modes are no longer closely degenerate and the motion is nearly 

. pure bending about a permanently twisted conformation. There is no 
./ 
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iW1erent reason why the potential minimum must occur either at tne.~urely 

bent or purely twisted configuration witq resnect to the unique axis. 

Figure 8d shows a potential in which there are four minirila off the axes. 

This corresponds to-"nearly degenerate, but completely uncoupled bend 

and twist. 

In order to talk quantitatively about the vibrational potential, 

this potential must be expressed in some sort of mathematical fo~"1'l1. T'nis 

form must have the capability of describing all the types of potentials 

described above. A convenient choice is a truncated Taylor series expan-

sian in the out-of-plane coordinates ql and~. This is certainly rot the 

only possible choice, but it is an easy one to handle. Past experience 

with both four and five membered rings has shown that inclusion of terms 

up to fourth po~er in the coordinates should be sufficient to describe 

quite well the molecular dynami~s and the available ,microwave 

data. It should be noticed that such a ~otential, although simple, allows 

each uncouplp.d mode to have a single minimum or two minima separated by 

a barrier which may be continuously varied, and allows for· variable 

coupling between the modes. Gaussian barriers have also been used for 

double minimum problems, but in most cases have not given significantly 

better results than the simpler power series expansions. 

The Hamiltonian becomes: 

If ql and ~ are the vibrational normal coordinates, cross terms of the 

20 
form PlP2/~12 are zero. Ml and ~ are not in general independent of 

the coordinates ql and~. Since this dependence is not known, and i·.JQuld 

require a minimum of two additional terms in the Hamiltonian to be 
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.. 

~'t:~',:; constant. This assumption is valid for the clescrir/cion of' 0c:~ertJ 

st"ltU, for 'which ql and ~ are fairlyv!ell limited close td 

ec:.clilicriwn value's. Such should be the case for energy levels :·,'e11 '~)e::'011 

,;11e fi:c.3t eight orten levels of 1,1-difluorocyclopE:ntane. 

}.;ost of the calculati.ons were done on this form of ~-iamiltGnian', 

but it is useful for purposes of visualization to make a change of 

wi:ciables. As shown in reference 6, the set of transforrnatior,g 

r cos e = Xl r sin e ;:: X
2 

lead to the Hamiltonian: 

lp 2 1+ I 2 14 H ;:: - r Pr - a r +b r 
r r r 1 1 

+ l2~ + ~-cos2e)[l(a2 - a{) + r\b2 - b'l)J 
r 

+ 

I b I' 2 I ':::[;.e primed force constants are a
i 

= m
i 

a ;:: m b ; c
12 

poss'ibility of the separation of the molecular motion into a raciial 3,;,j a 

I.seuciorotation coordinate is clear. In cyclopentane, under the assu;;:::Jti::n', 

of a high central barrier in which case, the two modes separate "jell, ti,is· 

::,eCiuces to two one dimensional Hamiltonians: 

H ! P lp ! + a I l -t b
l' 

r 4 
r r r r r 1 

H = BP 2 e e 

Tne pseudorotation energy levels are just those of the free one-a.i:T.er:..:;i0:-.:,1 
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rigid :cotor. Small deviations from the syrnmetryof cyclopentane ',Jill 

require the addition of the (l-cos 20) and (l-cos 4B) terms to E.e' Ls,rcer 

a.eviations require a complete solution of the hlo dimensional ~{I3T1liltJnian. 

In the case of 1,1 difluorocyclopentane, the vast difference in reauceo. 

mass for the bend and the twist led us to the belief that ., ..L. • a SOJ..u,,1.on In 

terms of ql and ~ would be as simple as one in l' and e. 

It should be said that the same transformation rr~y be made for the 

potential as in (2) without the initial transformation to mass reduced 

units yielding: 

TI10ugh not of use for calculations this is a convenient form of the 

potential for visualization of the actual motions of the molecular 

frame. 

In several past microwave studies on ring compounds it 'VIas fauna. 

possible to determine the potential, within a constant scale factor, 

vlithout making any assumptions on the actual nature of the motion, by an 

analysis of the variation of rotational constants with vibrational 

state. Each rotational constant may be expanded as a Taylor series in 

thE; expectation values of the vibrational coordinates J i.e. for hlo r!.Odes 

Truncating the series at a convenient point (usually at the fourth 

power in the coordinates), it is possible using an i terative procedL~"e J -' 

to calculate the potential which best fits the set of observed rotational 
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constants. This procedure depends for its success upon the censitivity 

of tIle expectation values of the coordinates to small changes i~ the 

.l)otential fQnction. Expectation values are typically sensitive to 8r(:5.11 

changes in potential only for vibrational. states rather close to the 

oaY'Tier. 

In 1, l-difluorocyclopentane J the quite regular variat ion of the :2; 

and C rotational constants and the indeterminancy of A suggesteci that 

such an approach would be of little use. The variation in rotational 

constants will be used in conjunction with other data in cietermining 

the potential, but a unique solution based just on the criteria of (4-) 

is not possible. The other useful data from our experiments is the 

observed splittings between the v=4 and 5 and v=6 and 7 vibrational 

states of 116.6±5 me/sec and 692.0±lO me/sec respectively. Tnese two· 

pieces of data are, however, not sufficient to determine the constants 

in (1) without any assumptions. 

The procedure used was as follows: The Hamiltonian was first put 

~6 
in the reduced form 

- The transformations are: 

pI = (1!2ma)1!4 P 

where the primes are left off for convenience in the resultant liamiltJr:ian. 

Initial guesses at the five parameters determining the energy ivere made 

based upon the model calculations of the next section •. The blO separate 

anharmonic oscillator problems were solved in harmonic oscillator basis •. 

Sixty basis functions \-Jere used; using the C
2v 

syrmnetry of the il3.mil torlian 

the problem was factored into that of the diagonalization of fo~r 3C>5J 
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matrices. The matl'ices for x~ and x~ Ivere calculated and trar:sf(;n:;;:cl 

to the representation of the' anharmonic oscillators. Tne matrix of" the 

direct product of the two anharmonic oscillators .was then calculatecl, 

the coupling terms were added, and it vJaS diagonalized to yield the 

final energies. To yield reasonably accurate energies it .was· found 

necessary to include 24 basis functions bfthe bending modeancl 20 of 

the twist. 8ymmetl'Y reduced the problem to that of the diagonalization 

of four 120x120 matrices. The entire problem req~ired about 8 minutes 

of computer time on a CDC 6600. 

Tnis procedure was followed for a number of values of the para;r,eters. 

It was found, not surprisingly, that the magnitude of the splitting 

between the pairs of levels was very sensitive to the difference in 

potential between bent and -twisted forms; in terms of Eq.. (3) this is 

just twice the cOt;fficient of the (l-cos 20) tenT! and may be ter:r£d lIthe 

barrier to pseudorotation, II or more correctly the IItwofold barrier. II In 

terms of the reduced Hamiltonian (5), the barrier is 1/4(8
1
/'1

1 
- S2/~/). 

'E'lese splittings were much less sensitive to other details of the Ioo-

tential. The barrier consistent with the observed energy differences 

vJaS found to be 280:1:20 cm -1. 

Also of some interest is the four-fold barrier; i.e. twice the 

coefficient of (1-cos4e) in (3). Calculations showed that the ratio 

of the v=4,5 to the v=6,7 splittings, as well as the ~xpansions of D 

and C rotational constant, is particularly sensitive to this term 

oeing remarkably unaffected by other potential parameters. These data 

require that the term (c12 - b1 - b2 ) in (3) be 

sponds to a four-fold barrier of -73:1:20 cm •. 

<, 

. 4· -6. 6:1:2xlO .•.. Tnis corrG-



A contour drmdng of the potential: 

lS shown in Fig. 10. This potential has a two-fold barrier -1 
of 233 CY.'";. 

at the bent configuration and a four-fold term of -'73 em -1' Using for 

the reduced niasses of the bend and twist 100.3 and 42.3 AMU as colcu.la~ed 

in the next section, the energy levels for this potential are SDVdD in 

Table VIII.' The expectation values (q~) (~) 'were calculated for the :;:~irs"c 

several vibrational states. For this potential the assumptiGn that the 

lwlecular motion may be thought of as nearly pure bending vias fOUYid tG 

.be invalid even for the lovrest few vibrational states. 
2 (a ) vJaS fGund 
~l 

to decrease >>lith vibrational state at appr?ximately the same rate that 

( a~) ~c! inc reased. The Band C rotational constants were expanded as: 

B = 2150 + 

C = 1980 + 

2 
1441 (ql) 

1641 ( 2) 
i ql 

+ 2504 

+ 3141 

2 
(~) me/sec 

2 . 
<~) me/sec 

Comparison with the experimental rotational constants is shown in 

Figs. 11 and 12. An expansion for the A rotational constant was not 

attempted as the behavior in this case indicates that structural effects 

are less important than angular momenta coupling. In order. to include 

the secOnd order effect of P
bP2 and P

cP2 terms ontheB andC rotational 

constant) the matrix elements (v/P2/vr,) were calculated in the energy 

representation. The perturbation sums showed that the effect of these 

terms' is nearly identical for the lowest 10 or 12 vibrational states. 

The matrix elements (v4/P
1

V5 ) and (v6/Pl/v'7) were calculated. Tne 

calculated ratio of the two is 0.119. The experimental value is 0.122. 

In summary, although a complete determination of the vibration3.l 
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'potential has not been possible} we now have a good qualitativs ::?ic'c;;..rs 

of the potential and the ring puckering dynamics. In addition a deter":' 

mination of the barrier to pseudorotation has been made and yields the 

value 280:120 cm -1. The fourfold barrier is-72:120 cm-l 

H. THE MOLECULAR MODEL 

In order to relate those characteristics of the vihrational 

potential determined by the microwave data to the actual chemistry of 

the molecule} it is useful to postulate ,a model for the molecular mot::"ons 

in terms of individual structural factors and force fields. 'The ove::all 

potential may then be calculated in this model for a number oi' valUES 

of the structural parameters, and compared with the experimental pote:::J.-

tial. 

The general approach has been described elsewhere
6}9 and so is 

very briefly related here. The assurrwtion is made that the molecular 

potential may be. expressed as a sum of torsional potentials described 

by V. = t. (l-cos 38.) where e. is the angle between the vectors r. and 
1 1· 1 1· 1 

ti +1 eri is the vector perpendicular to the plane defined by the three 

carbon atoms C. l} C,} 'and C. l)} 
1= 1 1+ 

_ b 0 2 
d.efined by 2' (O:i - 0:) where O:i 

plus a sum of bending potentials 

o 
is the instantaneous angle and 0:. 

. 1 

is the equilibrium value. It is assumed that all bond lengths remain 

constant and that the hydrogens and 1~luorines remain rigidly attached. 

to the ring atoms. Under these assumpti,ons the instantaneous molecular 

structure may be specified by four internal parameters" Two of these 

I·re may take as the bend coordinate ~ and the twist Q
l

" 'The others ,:e 

shall call 8
1 

and 8
2

" The potential is calculated for a given Q
l 

and. 

~ as a sum of torsional and bending energy" 8
1 

and 82 Olre allowe,'i. to 

-relax to give a minimum energy.' In addition the coordinates of all 
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atoms are calculated in a convenience axis system and then transfoY";;;f.:,:1 

to the inertial or other convenient axis systems (in our case it vias 

found useful to minimize the vibrational angular momentum about the A 

inertial axis by applying the Eckhart condi tion).2 7 Derivitives of all 

coordinates with respect to ql and ~ are calculated. The 5x,5 tensoi) A) 

defining the total kinetic energy by 

ill 
a 
~ 
ill 

C 
v· 

1 v2 

is calculated. The upper left 3x3 is' just the inertial tensor. Tne 

vibrational terms are 

( ) ("Xi) ex. 
A44 = '~ 2.: m. <. A55 = ~ 2: m. 

i xyz ~ 
i xyz .~ 

·e~. 

A45 = As4 ~ ~ 
. ~ xyz mi(~~)(~) 

the coupling terms between rotation and vibration are of the fOrffi 

In order to make the transition to quantum mechanics the .. kinetic energy 

must be expressed in terms of momenta rather than velocities. It is 

easily shown that 
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-1 
The potential V and the matrix A are calculated for a \·/icie: re:;g2 

of values of ql and ~. A pcmer series expan.'Jion in thesE: C()OT(~j ina.~~e ~~ 

is then carried out for both V and each element of 
-1 

A • 

To make a valid comparison "lith the simplified quantum mechanicd.l 

model already chosen, ·a number of assumptions must be TI'.ade about the 

;dnetic energy. The first is that the vibrational problem SEpar3.tes 

-1 from the rotational one; that. the coupling terms in A may lead to 

corrections to rotational energy as discussed in Section IE, but 'dill rlot 

cause significant changes in the vibrational energy. The cross term 

f.l12P1P2 in the kinetic energy may in theory be eliminated by a change l::-', 

va-riables.. In practice this term was found to be small enough to neglect. 

Also the dependence of the vibrational reduced masses of the two :nodes 

upon the coordinates was neglected in our calculations. In practice again 

this dependence was found to be quite srr.all. In order to minimize the 

error due to this assuniption, the reduced masses were calculated for the 

configuration of lowest energy rather than for the planar molecule. 

Tne vibrational masses were not found to be particularly sensitive 

to changes in torsional and bending constants. The potential, hOvlever, 

is qui tesensi tive to small changes. We label the unstrained ring ar,gles 

as exi and define the bending and 'torsional force constants b
i 

and ti as 

before. The assumption is made that ex2 

m dyne 
o 2 . -1 
A/rod, t2 = t3 = t4 = 550 cm • Tne. assumption of tetrahedral 

angles for all the ring angle.s except the one at the CF
2 

group. is 

, bl "t ' 21 prooa y qUl e gooa. The bending force constant is taken from an 

" ff" 22 analysls of para lns. The torsional barriers are a little higher 

than those of ethane, but it was found necessary to use these values in 
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treatinG tetrarlYdrOfurEm.23 The four undetermined paramr:ters ',Ie i;;.,~-:c 

" r'b 'b) (b 1 ) , (b ' ) (-'- t--' (J. t \ '(CJ.. CJ..)' ,1;,: ~ 1- 3 -' 2 - }3 = 5 -OJ' vl - 2) ~-= v5 - 2) ana 1 -. 2' 

\ve ti,en explore the effe'ct of these on the potential and in payticu~_af' 

on the pseuc1orotation barrier B. Table VII shows a set of approxi;Lc_te 

derivitives determined from the molecular model program.' 

To go fUrther from here, it is necessary to use some CheI[,ical 

intuition. We therefore set the following limits upon our unde:;:~ineQ 

parameters: 

o o 

mdyneA 
,2 

raa 

The great electronegativity of the fluorine atoms is expected to stiffen ' 

the spring constants for the nearby ring angles as well as opening up 

the unique angle. The limits we have set are.quite conservative. 

Using these inequalities, thederivitivesof Table VII and the 

observed value of B, it is readily derived that the F-H barrier must 

-1 
be less than H-H one by at least 80 cm " 

This is the picture we have of the internal forces in l} 1 ~ifluoro-

cyclopentane. The low H-F torsional barrier is somevJhat surprising 

since the barriers in CYrl2-CH3 and CF2 -CH
3 

are nearly the same as-for 

" 24' 
ethane. On the other hand,Luntz has shown the,barrier to the planar 

configura~~ion in 1,1 difluorocyclobutaneis 241 em -1 as compared to 

(ca. 400 em -1 ),25 for the unsubstituted cyclobutane. Thelovler barrier 

is probably mainly a reflection of the lower H-F vs. H-H torsion in 

this molecule. 
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2 3 

= +150 
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Table VII 

= +2.31 

Calculated at a l = a
2 

= 109.5 0
; b1 = 1.27mdyneA/rad2 

o 2 0 2 4 -1 
b2 = 1.18 mdyne A/rad; b

3
= 1.08 mdyne ~/rad ; tl = 70 cm 

t2 = 550 cm-
1 B = 264.2 em- l 
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'Table VII!. Energy levels of the Hamiltonian 

H = 0.199P12 + 0.084P2
2 + 10\-3. 75Q12 - 3.34~2+ 27.8qll.~ 

·.1. 4 2 2' 
+ 27.8~ + 49.0Ql .~ ).' 

V Energy (em ... 1) 

0 0.000000 

1 0.000043 

2 20.479685 

3 20.480126 

4 46.669659 

5 46.673418 

6 75.746567 

7 75.769380 

8 106.710107 

9 106.829351 

10 138.467060 -
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1. CONCLUSIONS 

This micro'wave study of 1)1 difluoroc'yclopentane has alle'ded a 

considerable refinement of our picture of the out-of-plane rr.oti:Jns :l.r. 

this molecule) and in five membered rings in general. A complete 

potential determination has not been possible) but a determination 0: 
, 

the two-fold and four-fold barriers has been made. They are 280±20 C;-"i-.L 

-1 
and -72±20 cm • The· twisted configuration is most stable. 

The barriers have been related to a molecular model in 'Ilhich 

total potential is expressed as a sum of individual torsions and 

bendings. The analysis has allowed limits to be put on theP.:-F versus 

H-H torsional barriers in this molecule. The H-F barrier must be at 

-1 least 80 cm less than the H-H. 
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Fig. I-I 

Fig. 1-2 

Fig. 1-3 

Fig. 1-4 

Fig. 1-5 

Fig. 1-6 

Fig. 1-7 

Fig. 1-8 

Fig. 1-9 
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PART I - FIGURE CAPTIONS 

A portion of the energy manifold for V = 4,5. Approxh:.a'ce-

ly to scale. Strong perturbat ions are shown 'Ylith dotted. 

lines. 

A portion of energy manifold 'for V = 6, 7~ Approxba tely 

to scale. Strong perturbations are shown with dotted 

lines. 

Microwave-microwave double resonance spectrograph. 

The V= 6 .. 3(1,2) - 4(1,3) --- 4(1,3) - 5(1,4) 

Double Resonance Transition as a function of pressure. 

The V = 6 and V = 7 4(1,3) -5(1,4)--- 5(1,4) - 6(1,5) 

Double Resonance Transition. Observed single resonances 

are at 21537.89, 21550.25, 26023.51 and 26024.46 me/sec. 

The V = 7 and V= 9 5(0,5) 6(0,6) --- 6(0,6) ~ 7(0,7) 

Double Resonance Transition. Observed single resonances 

are at 26043.75,30294.83, and 30296.30 mc/sec. 

Approximate structure for l,l-difluorocyclopentane. 

ex is the twist angle; i3 is the bend angle. 

Cbntour diagrams for a numbe;r of possible potentialsuriaces, 

-1 (see text) •. 100 cm contours. 

The cyclopentane symmetrie s. 

Contou! diagram for the potential 

4 2. 2 4 
V = 10 (-3.75 ql -3.32 q2. +27. 8 Ql 

J+ 2 2 
+ 27.8 ~ + 49.0Ql •. ~ ) 



Fig. I-ll Expansion of B rotational constant. 'l'he line indic;.;,te;:;; ca.l-

culated expansion. The circles are the experiTf,ental v8.1ue3. 

Fig.' I-12 Expansion of C rotational constantoTne line indicates cal-

culated expansion. The eircles are the experimentalvailles • 

.. :, . 

.. -
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~~~:?{ ----'---- - --~ ----~~:~1 

1(1,0)' = ====f-"';'~ -.:.. - -~==== l(r,l) 

~ ....;...---- ........... . 
0(0,0) . ··············· .. ··········--···· .. ······~······f····· " 

v = 4 
.-v=!) 116 mC./sec . 

Fig. I .. l 
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4{2.2>r _______ (. ______ . __ .-~---- 4(2,3) 

., ----- .,.-- .,.----, ~ '" ., ..... , , .... ,_.", ... - "'" .... -- .,. 

-.:!(2 I) . ", . - __ ~.====:.::l:iIJ."" 3. ·(2~) 
otJ '. ~.J-___ -Go ... -- - -- .. 8"'-

3(1.2)~---.--....;·-----~---- 3(1,3) 

--___ IIIimIsa' . 

2(1. I> =======~~ ---- ---- --~-======== 2(1,2) 

10,0)==== '- ____ .----~ 1(1,1) 

----- ..... -.~ .. ~ -----.............. ~ .,', ... '.: ..... .... ,.~ . .... _.-. ........ ~ .. 
692 mc.lscc. 

\)=6 ~ v = 7 
Fig. 1-2 
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Over the past several years there has been a tremendous increase 

in the use of digital 90mputers in chemical experiments as direct inter-

active devices. Today the availability of small'low-cost computers has 

allowed such experiment s to b;ecome alrr:ost c'ommonplac~.' 

In 1963, shortly af'ter the original, paper on digital time-averag:'ng 

of magpetic resonance signals by Klein and Barton, 1 the Chemistry Depart-. 
,/ . 1 

ment of. th~ Utii;ersity of California purchased a small-to-medium sized 

. digital computer primarily to stimula.te interest In these types or experi-

ments. Since that time a large number of experiments have been connected 

lion line" to this computer. This author effected: the first, very sir.;ple, 

interface, with an NMR spectrometer, and was involved less directly ina ' 

much more complex connection with a microwave spectrometer. This section' 

discusses briefly the former interface (the latter is described in detail 

in ref,. 2) and also treats in a general sort of way some of the advan­

tagesof a: computer-coupled experiment system and the differences be-

tween various types ,of systems. 

Before ,describing the 1"MR experiment it would be well to mention 

the general goals of computer experiments a.nd the particular goals of 

our experiment. The first and most obvious reason for the construction 

of any computer-coupled system is for time averaging. In cO,nventional 

systems filtering is most easily done electronically. If the machine 

noise is Iw1fite" or completely random, time const,ant filtering allo'w's a 

signal to noise ration (siN) increase proportional to t l /
2

' vihere t is 

the time spent on the experim~nt. Almost all actual phys ical chemistry 

experiments are limited by noise which has a Ilf (f is the n,frequency" 

6f the noise) component which becomes increasingly important as longer 



time constants are used. Under these conditions it is easily seen t~at 

increasing the time spent on an experiment above a certain limit .... Till be 

to no avail in improving siN. If filt-ering is done by digital averaging 

of a large number of sweeps, however, it is seen that siN ex: 
1/2 _ -

n : vinere 

n is the number of sweeps regardless of the~racteristics of the n0ise 

1/2 spectrum. Since for constant sweep speed t ex: n, siN ex: t • Time 5.ver-

aging will never give inferior results to electrical averaging by 5. time 

constant, and is a considerable improvement for low frequency noise ::ce-

duction. We would like to know how much improvement time averaging rr:a.y 

yield practically. For many chemical experiments, the Ilf component 

of the noise becomes appreciable at - lcpso Under these conditions and 

for reasonable averaging times, we may ex~ect an improvement of siN of 

a factor of 10 or 20, but little more. In experiments on transient 
I 

phenomena which must be carried out very rapidly, repetition of the ex-

periment many thousands of times may give siN increases of greater than 

100. 

-There are a number of other advantages to digitization of-data. 

Savitsk; has discussed several techniques of treating datavlhen 

it i8.1n digital form -so as to bring to light facts vThich are implied by 

the raw data, but. which may not be immediately obvious. Curve smoothing 

by fitting data to a simple polynomial allows for increased siN at the 

expense of resolution. Since this type of filtering is done in the 

frequency, rather than the time, domain, -many trials may be made on a high-

speed computer without wasting instrument time. Conversely, res olut ion 

may be enhanced by convolution techniques in which, typically, the second 

derivitive of the data is added to the raw data with the appropriate 

:,{eighting factor. If, as is often the case, the shape of an absorptior, 
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line is known, the data may be directly fitted to this shape functior-l, or 
, 

, I 

or a siJ.m of several, ,to yield the spectral parameters of int erest. ';.'0 do, 

this it is necessary to have the data in digital form. Lusebrink 
4 ~~as 

sho'l'rD that the shape function need not be expressed as a matharr:.atical 

fu..'1ction, but may instead be .just a set of data points. There are still 

other advantages 'of digitized data. It may be readily sorted on 

magnetic tape and recalled at some future time. Thus a time-aver-

aging experiment could be started atone time and completed ,at a; much later 

date. ,,-
To this point we have not d.iscussed the computer as a controller of 

experiments. This is where a full scale digital computer has a tremen-

dous advantage over the s:iJnple pulse-height analysers used for the first 

~'NR time averaging exper~ments. The computer and the various experiments 

which are on-line may form a truly interactive system. An instruction 

from any given experiment raay generate a chain of even~s in the computer, 

which in turn may give instructions to that experiment, or, 'it desired, 

" , 

any other one. The mechanism of these instructions is discussed in ref. 2 

and will not be discussed here. They may take many different forms. For 

instance computer instructions might be IIchange oscillator to n'ewfrequ-

ency XXXII, or "step motor A one step clockwisellj or "ring bell indicating 

computer errorll. Instructions to the coinputermight be: IIread voltage 

A and store ll or II stop s1'leeping and return data on n/A convertorll. 

In time averaging experiments it is particularly useful to have the 

computer in the central loop as there may otherwise be difficulties in 

adding successive sweeps with absolute registration of frequencies. It 

is, of course, possible to read both a frequency and a voltage, but 

approach requires that there be many channels aver a line-width in 'order 
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that the data not be distorted. If the computer is used to control the 

f'requency (I have assumed the abscissa co-ordinate to be "frequency" 

throughout, but it may just as well be "magnetic field lf , lIdistancelf, 

Ifmass number!!, or some other coordinate depending on the experiment) this 

problem is eliminated. 

A. THE NMR EXPERIMENT 

In connecting the first experiment to our computer, our aim was to 

achieve useful results without spending a great deal of time on the 

establishment of an elaborate system •. In addition we wert.. 'less interested 

at first in siN improvement by time-averaging than in ,just obtaining data 

in .the digital form nec'essary for various types of "curve decompositior.:t 

t
o 11 rou lnes. For these reasons the system used did not attempt'to use 

the computer in the control loop as d~scribed in the last paragraph. 

A block diagram of the system is shown in Fig. 1. The normal necnan-

ical sweep of 'the Varian A-60, spectrometer 'was used. Movea1;lle micro- ' 

swithceswere placed to limit the motion of' the carriage of the recorder, 

and thereby the magnetic field, to the region of interest. Data were 
-'.'., 

taken only while sweeping in one direction; the rapid sweep motor was 

used to return the carriage for another sweep. 

Data were taken on a time base provided by a variable oscillator, C. 

This was gated with a signal EOF which reflected whether the, spectrometer' 

was in a ollsweep" or !!return lt configUration, and with a signal ER ,{hich 

became true only in cas e the computer did not respond to a request to a 

accept data within one half-cycle of C. The rest of the circuitry is 

used to detect such an error and to reset the spectrometer to the start 

of a new sweep if an error were encountered. 

.,;, 
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There was f01n1d to be one primary difficulty with thissy 3te:n 1tf:-lich 

"'ivas the lack of absolute channel registration, Le. there are no conclit ions 

to insure that one sweep adds exactly on top of the previous ones. One 

method used to minimize this problem vras to search each svreep to find. the 

position of the maximum of the first line and to insure that this point 

at least would add. coherently by shifting the abscissa of the spectrucn 

the 'necessary amount. This procedure vrould have proved satisfactory "{ere 

there not small variations in svreep rate as vrell as drifts in the magGetic 

field control loop of the spectrometer (the A-60 uses an external stan­

dard for control). The drifts were srmll and only of importance when 

trying for maximum'resolution over a relatively long svreep. In some' 

experiments each svreepwas scaled so as to allow two points of the spec­

trum to add coherently. This reduced the problem still further, but 

never completely/eliminated it~ 

Figure 2 shows the results of a time averaging experiment. The 

sample was an organic unknown in a micro-cell. The time average spectrum, 

shows a number of features that previously were completely buried in 

the noise. 

B. GENERAL CONS:mERATIONS 

Our experience both with the NMR experiment and the, more complex 

microwave one in which the computer controls directly the microwave 

spectrometer, was with ,a moderately large' centra.lized daifa aquisition 

system. A block diagram of the system is shown in Fig. 4. 'An alterna­

tive approach is for'each experiment to form its own small interactive 

system. In its simplest form each experiment would have an AID converter, 

and a digital tape unit or paper tape punch. The data could then be 

treated at a later time on a large c.omputer. This approach has one 
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striking $.davantage over the large system: it is easily and quickly 

constructed and is simple enough so that difficulties with haravTare are 

not likely to occur. There are, howe";~r, a number of considerations 

'''hich, taken together, may make instead a system similar to that of the 

Berkeley Chemistry Department very attractive. The first is cost. Even 

a relatively slow 10l,,-cost computer is capable of, handling a large nunloer 

of experiments simultaneously. If each of these experiments were to have 

separate converters the cost might be greater than for the large system. 

The second, as previously discussed, is the capability of using theco:'ti-

puter as a controlling and not just a data acquisition device. Along 

with its other advf1ntages this aspect of the large system may save 

operator time. There are other advantages of the centralized system. 

Computation maybe done on the data simultaneous with acquisition. In 

a time-averaging experiment, the summed data may be continually displayed 

in some convenient form, allOWing the researcher to use only as much 

time as necessary to achieve the desired siN. In conclusion we feel 

that when it is desired to digitize the data from a large number of ex-

periments for, purpos,es of time averaging, curve decomposition etc., a 
I 

centre.lized time-shared system may well be more advantageous than indivi-

dual digitizing systems. 

,..) 
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PART II - FIGURE CAPTIONS 

NMR-Computer interface 

Time averaged NMR spectrum 'of organic unknmvn 

Computer system 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa­
tion contained in this report; or that the use of any information, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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