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PART I. THE MICROWAVE SPECTRUM ANﬁ 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 difluorocyclopehtané has been studied

in detail., The rqtational spectra for the:.lowest ten vibrational states

have beep assigned. Mierowave-microwave double resonance techniques have
been used extensively in the ass1gnment of two of these states. An
aﬁaly51s of the v1brat10n-rotat10n 1nteractlon present in the spectra
has‘ylelded a determination of the potential energy surface governing
the out-of-plane motions of the rlng skeletal atoms. The molecule was
found to be stably bent with a barrier to pseudorotatlon of 280420 cm l.-

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

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

model, it is fbund that the effective CHé—CFé torsional bairier is less

than the.torrespohding CHé5CHé one by at least 80 cm—l.

An interface between a Varian A-60 NMR sPectrometer and . a small

digital computer 1is described. A‘number of general aspects of 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
» 1 . . .
The microwave study of 1,l-difluorocyclopentane was undertaken in
order to gain a better understanding of the nature-of out-of-plane
bending vibrations in small rrng compounds and in particular . of the

effect of small changes in molecular geometry on these motlons.‘ As such

it is best considered with relation to similar studies on tetrahyirofuran

- and 2,5-dihydrofuranl,and also the four-membered rings trimethylene '

3

oxi_de,2 trimethylene sulfide’ and 1,1- dlfluorocyclobutane.LL

In five-membered rings there are two out-of-plane v1bratlonal

modes. In satarated rings'particularly, both of these modes; one of which

we label\a "twist" and the other a "bend;"'have a low fundamental fre-

quency and a large amplltude and are not in general well descrlbed by a
harmonic potentlal. In addltlon there is the p05310111ty that, if
saffieiently nearly degenerate, the two modes_may eouple to give rise

5,6

to the phenomenon of pseudorotation.“ In this case vibratibnal energy

nay be transferred around the ring without the molecule ] approachlng a

" pldnar conflguratlon. The "phase" of,the ring puckerlng motlon rotates

while the amplitude remalns‘nearly,constant,

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

_cyclopentane. The symmetry of-cyclopentane requires_that the bend and »l

twist be degenerate. The molecule almost eertainly exhibits free pseﬁdo~ t’
rotation as postalated by'Pitzer5

7

to éxplain entropy data. A recent
infrared study has demonstratednthe existencelof'peeudorotation—like ‘
energy levels in cyclopentane,.‘In tetranydrofuran the symmetry is'v |
reduced by the replacement of one'methyienngroup by an oxygen atoni.

Detailed infrared8 and microwave studies6 have shown that tetrahydrofuran

does exhibit pseudorotation, but that the reduction of the molecular’
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symmetry from D5h to C2v leads in this case to a small barrier of abzuv

50 em ~. The purpose of this study 1s to determine the effect oi the re-
placement of one of the methylene groups of cyclonentane by a CFé, both’

on the molecular conformation and on the dynamies of ring puckering. It

is clear that two effects will be in evidence; one the drastic mass change
at one point of the ring skeleton, and the other the chemical change due

Fal
e

to the difference in size and electron affinity of hydrogen and fluorirne

substituents. It is hoped that a better understanding of the nature oI

- low ffequency ring bendihg vibrations will'fesult, and "‘also less directly;
on uﬁdérstanding of thé effect of fluoriné-substitutipn‘on the valernce
force fields in a vaiiety of molecules.

Microwéve spectroscopy has proven to bé ah exceedinély powerf§l
téol for t@guanal&sis of low frequency vibrétions in a number'of molectie;;
Tﬁe quanﬁum mechanicél a#eraging over the vibration of the instantaneous
rotational constant; leads to a’separét§ set of coh;tanté_and a separate
rotational spectrum for each Qibrational energy state. The.variatibn of
rotatibnal_constahts with vibratidnal eigenstate ﬁay‘be'réléted to
expectation‘values of the vibrational cqordinates.and thuée'to a quantum
mecnanical model for the skeletal motions; When vibrational‘;evels are
very nearly degenerate, perﬁurbations tO‘the'normaibrigid roﬁo?_Hamiltonian
may'be>evaluated.to give directly preciseAvibrational ehergyfsplitﬁings.'
Such effects have previously been observediin a numbér of molecules‘and
have been of great Qalue in determining the'vibrationalvenergy~manifold.

This_study of 1,l-difluorocyclopentane was begun byvChadwick Tolman.
His results are described in detail in reference 9. They dre briefly

summarized here.. The rotational spectra for the ground snd first four

-



excited states were observed and aésigned fpf the'parenf conpournd anc the
2,2,5,5itétradeutero analog. Small deVia?iéns from the'rigid rotor

predictions were oBserved;‘but.were not éxplainedgz-Approxiﬁate relati?e
intensity data showed the first four excited statéé to lie within aboatv

80 em™t of the ground state.

. The variation in the B and'C>rotationai constants asvwéll as relative’
intensity data suggestedtsfrongiy'that thé vibrational.leveis occur &as
:néarly degenerate pairé with the'degenerécy decreasing wiuh_increasing
vibration quantum numbéf. Thié in turn suggesﬁs a vibrational motion
determined by a -double minimum potehtiai ﬁith a barrier greater than
the energy of fhg highest obseiﬁed palr levéls. Cafeful Stark measure-
mentsvénd anbanalysis éf the change in rotafional.éonstants ﬁith_deu;

7 terium éubstitution at the q-positions'showéd that the moiecﬁle caﬁﬁot be ‘
permanently bent. The conclusion was that‘l,l—dif;uorocycloﬁéniane ts
permanently twisted_byiabout 55f'and the vibratioﬁgl motion aboﬁt thig
configuration is nearly pure bending. - |

The present Study represents an_attempt to check thevpreyious coni=-
clﬁsions and to go beyond them to givé a qughtitaﬁivé picture of the
out-of=plane motions in this molecule. | | |

B. EXPERDMENTAL

The Sample of l,lﬂdifluorocyclopentané1ﬁsed qu ali microwave
measurements was either that used prgviousl&vby Chadwiék iblmén'Sr_onev
prepared in én_identical manner;9i It was found to be eésentiélly sure
by gas phaée cﬁromatography.' |

The.miérbﬁave épéétra_yére run on a_conVentionai j Ec/sec stark
modulated speétrometéf witﬁ'phasé-locked sourée.lo Spéctfa w§re takeﬁ

in the region‘B-MO kimc/sec in a 12 foot absorption cell cooled to dry.
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ice temperature. The use of backward diode detectors in the Trequency
reglon below about 26 kmc/sec was found to 1mprove signal-to-rncise
considerably over conventional crystals. A solid state square wave

generator with exceptionally flat "off-time" was useful for measureients

<

on a number of lines with very "fast' Stark effect. A few of the

weakest absorption lines were measured on a computer-coupled on-line
12,13 . . . e

spectrograph - using time averaging and digital Tiltering tecnnitues

to increase signal-to-noise.  Except where noted frequencies are meacured.

accurate to 0.02 me/sec.

C. THE SPECTRUM

The microwave spectrum éfvl,l difluorocybloéenténe is.éuite
characteristic of a nearsymmetrié'prolate tép with é-dipole sélection
rules. No strong Q-braﬁch»transitions appéér in tﬁe region G-Lo kmc/s;c;
R band transitions (F - J+1) are observed from J=1 to J=8. For each |
rotational transition a large number of #ibfational sateliifes are in
evidence, immediate evidence for a denée\vibrational energy manifold.
These occur in pairs separated by 50-200 mﬁ/sec. The splitﬁing'in'the
strongest pair, assignéd‘to'the.v=0,l states, was too small to be observed
except as a slight broadéninglof one J=8-§7J=9 line. The next two wairs

"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 wibrational

[A

stgtes were aséigned by Dr. Toilman to a normal rigid-rotor hamiltonian..
Small‘deviations of 1;§r2 mc/seé from the prédictedvfrequenéies were
observed. | |

Transitions for the next two vibrétiohal stateé afelin many'cases
spiit far enough s0-as to make thelr idenﬁifigatioﬁ by the characterisiic

N

doubling impossible. In addition, it became clear relatively early th

hat
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these states were not "rigid" - i.e. their spectra could not be

characterized by the normal free rotor Haﬁiltonian H - APA2 + BP“2 + CPCQ.

-

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

1,3,4,15

number of ring compounds, and in these -cases 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. BEach rotational transition is seen to be depéndeﬁt
upon eight parameters: the rotétional éonstants for two vibfational statés,‘.
the energy splitting and the perturbing maﬁrix element; These werevall—
treated as empiriéal‘parameters t§ be détérmined‘by the déta; Identificé;
tion on the basis ofVStark effect was at bést somewhét unéuré‘since the |
low J lines for thesé Stateé were very weak and resolﬁtion of thé many :

Stark components of the higher J Tines was not found to be possible in

most cases.

.Bécause of fhésé'difficulties, a number of double resdnancé gxperiments
were undertaken. These are described in a léter section, The'results |
of theée experiments 1ed o sevéfal revisidhs in éssignmeﬁt. vThe'final
unambiguous aésignment.waé'found~to be quite.weli feprésehtea by our

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

or only 0.023 cm-l.

The data déscribed”strongly suggest.a_vibrational'motion determined

;
i

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

. . A ‘ ‘ -1
v=6,7 states. Relative intensity 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
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20142) -
2{0142) -
201,1) -
2{1s1) -
2(2s1) -
2(0,3) -
3(343) -

T3{(1493) -
3(193 -
2(1s2) -
3(1,2) -
3(251) -~

3{2,1) ~

L(Dgl) =

G{Ds0) =
G{ly2) =
4{ 1,4y -
4(143) -
6H(143) =
4(3,2) -

4(342) -

G(241) =

4(351) -
L{hay) -
G(lgD)y -
5(Gs5) -
51 T42) =
51 145%) -
5(195) -

501s%) -

"3 1+3)

3(14+3)

3012),
3{1y2)

3{292)
L{dsl)

LDk
G414

4(1s4)

a{ls3)
4(193)
4{(2s2)

4(292)
5{0s5)
5(0s5)

5{(145)

5(145)
5019%)
5(1s4)
5{343)

5(393)

5(392)
5(352)
5(447)

50491 -

6{NyhH)
PEX:D]

" "Table I

CALCS

¢ -

12937465
12921.05
13343.79
13349412
13031.21
1-7117_’-’“05

17422488
1719110
171393.87

17782.94
17738471
17562478
17568480
21722.26
21720.16

2147474 -
21474419

22218461

22217494
2191112

21911.26
2191457
21914488

21932649
21992454 -

25990433
25337217

25752467
25747.73

A [
2'{)-'.') e Dl

E)")’. .

12921.,29
12901,20

R 133’47_.98

13347,98
12031,390
17424420
17422,91
17191,39
17191, 14
17786472
17788,72
17562,68
17562486
21722448
21720431

21474,70

21474,20
22218463
22218415

121911.,13

21911,36
21914428
21914456
219072,320

21902,30-
25990 ,45

25937,18
257504456
25740 ,63

'2{)63’"’."1‘7

EXPe=CALCS

55
<15
"072
-1.14

«09

e 15

203
« 20
«27

"‘022: v

201

—-o10

06
022
15
._"‘oolf
« 01
«02
21
«01

«10

"029

“032.
~e10

-3 24
.13
01

“021.

-~ 15

-, 07

-~

——

i

PERTUIAATION

"+ 53
1e24
"].-\le>
~«h3

98493

~e00
-+ 00
" .31

« 12
—el2
"‘031
20059
1541
" -e01
01
Ce15

e 20 -

~e20
~ e 15
139
1238

- &

"‘1038
-1.39
n2

—
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i
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6(115)

S 6(245)

5{245)
65(234)

6(294)
5(344)

5(3y8)
6{(3573)
6(3493)

7LD T

T(Ds7)
7(1s7)
T{1s7)

T{1s5)

T{1s6)

"T7(246)
-~ 712456)

Table T (coﬁtinued)

CALC,

26633428

2622737

246227437
26437.04
26490401

26333410

26322.56

26312415
26312.05

30232439

3022825

20018.58
30017632

31032453
31030.39

30574422

30573434

EXP .

26633459
26227.66.
26227466
26487,24
26439469

25303 ,42

$ 26302440

26312,83

25312413

30232440

3022€,16
30018420 -
30017.06

31032436

31030474
30573470

30573.70

EAP «=—CALCS

i “016'

«22
.29
« 29
«20
"032
.32

. e 67

Y

3 .-..38 
"_-‘2‘6 .
=17

«038
.01
._.Qg

"+ 35

- ""52

+36

T AAT IO

~+09
4480
54483
=547
"4._79
409
3631
-3.31
=409
-.01
- “}.Ol
W06
 ~06'
~e06
2429
2448



(T I T | R TR TR TR T T}
e fo o

<K< <K<K <LK <K<K <LK <KL LKL LCEKCLCELECELELCELELC LKL

[ L O O L T S T T T [ N | P N LA T A S (N N A A

NN AN NP NN N NN N NO

_ Table IT

LABEL _ CALC, . EXP. EXP.~CALCs PERTURBATION
2{1s2) = 3(193) . 12948445 12948,35. -o10 15439
20191) = 3(1s2) 13360,.13 13359,73 - e 40 =15440
3(193) = 4(194) 17245088 T 17245690 «02 10.49
3{(153) = 4(1s4) 17295699 17256412 W13 52459
3(152) - 4(153) 17761653 17761.46 Y -.07 -52.62
4{1s4) = 5{155) 21537.88 21537489 001 : .87
4{1s4) = 5(1453) 21550446 21550425 , -e21 22869
4(193) = 5(194) 22240044 222404568 o 824 . =22.95
4(1s3) = 5(1s4) - 22253.70 22253,90 CT 200 T —6454
4{352) = 5(353) 21957662 21957461 ~,01 1.48
4(352) = 5(393) 21959.81 21959477 . - 04 1.98
40351) = 5{(392) . 21959.78 - 21959.77 S =e01 ~1.92
4{351) =~ 5(3,2) 21962.94 21963,05" 211 ' ~letsl
4(4450) = 5(4s1) 21948485 21948,54 - - ~e31 - —s05"
4{6s3) = 5(451) 21950630 21950647 ‘ 177 . 05
5(05) = 6(0s56) . 26062435 . 26062485 - 050 - &l
5(0s5) = 6(056) = 26044602 26043,75 . =27 _ -2 78
5(195) = 611s6) - 2582366 . - 25823,51 . - _  =.15 © . 4ae51
5(195) = 6(156) 25824 ,42 2582446 004 10.59
5(393) = 6(3s4) 26358639 26357,80 -e59 Lell
5(3s3) = 6(3s4) 263616560 25361030 _ - 430 5002
5(352) = 6(33) - 25368L,11 0 25365630 1,19~ - =449
5(352) = 6(3s3) 24369485 26370, 20 . 435 " =3,.59
5(492) = 6(433) 26344417 25344,C0 =17 S 3
5{6s2) = 6(493) = 26346.49 26346,80° Ce31  e19
5(5+0) = 6(591) 26336064 126336440 _ ~o24 A  ~.03
5(540) = 6(591) - 263383,21 - . 25338455 . o34 S e 04
6(036) = T(2s7) 30319432 30318.76 - -056 . -4 80
6(0s6) - T{OsT) - 30295.05 - .30294.83 -e22 -S4
6(196) = T01s7) - 30102.50 30102.16 : -34 , 3400
6(]!6) - 7(197) ’ 30097067 : . 30098001 . 0.34 : ’ 507?
T(3y7) ~ 8(058) © 3455748 - 34557.73 - e 25 , -85
7(0s7) - B8(0s8) . 34528689 . .-34528,91 S W02 T

;‘: ¢
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Table TIT

Transition Bxperimental Calchated.-Exp. - Calc.,
40,4y - 5(0,5)  21851.28  21856.56  0.72
4(4,0) =5(4,1) 21991.79 ,21991.92 0.3
5¢0,5) =6(0,6)  26157.05 26156.98 ©  0.07
5(4,1) - 6(4,2) 26394.70  26394.77  -0.07
5(5,0) - 6(5,1)  26388.40 25388.53 0,13
5(0,5) - 7(0,7) 30437.04  30437.84 -0.86
5(4,3) - 7(4,4)  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  0.05 -
6(6,0) - 7(5,1) 30784.78  30784.87  -0.09
7¢0,7) - 8(0,8> ‘34697;33'} 34697.50 0,33 :1
C7(4,3) - 8(4,6)  35209.30  35209.24 0.06
74,6y - 8(4,5) 35207.51  35207.82 -0.21
7(5,2) - 8(5,3) 35194.12 35193(91_y_>i73i21
2(6,1) - 8(6,2)  35186.05 35185.90 0.15 .
7¢7,0) - 8(7,1) 35180.19 35180.22 -0.03
A =”4616;15 | 3= 2270.60 ¢ =2125.10

Dyg = =0.004  .Djj = -0.001
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Table IV
V=9
Transition Experimental _Cal.‘cuv'laccd  ixp. =.Calc.
4(0,4) - 5(0,5) 21773.65  21773.16 - =G.11
4(4,0) - 5(4,1)  22002.03  22002.02 © 0.0i
5(0,5) - 6(0,6)  26043.75 26043.62  -0.13
6(0,6) - 7¢0,7)  30296.30  30296.34 - -0.04
5(5,2) - 7(5,3) 30805.70 30805.69 0.0l
6(6,0) = 7(6,1)  30797.16  30797.14 .  0.02
C7(5,3) - 6(3.6)  35214.60 35214.57.  0.03
©7(5,2) - 8(5,3)  35214.60  35214.78 ° -0.18
7(6,1) - 8(6,2)  35202.14  35201.79 - 0.25
7¢7,0) - 8(7,1) 35194.12  35194.26 =0.14
A = 3419.43 B = 2265.44 ¢ = 2130.25
: DJK = fQ-OOl B .DJJ = -0.0.103‘

L]
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LA § £ ¢
_Table V  Observed Rotational Constants
A B c
¥=0,1 4175.8 £+ 2 me/sec 2250.57 * .02 me/sec 2096.36 % .02 nme/see
v=2 Lh175.4 £ 2 mg/éec“' 2259.73 * . .mc/sec 2107.55 # . ' re/sec
V= 4177.0 £ 2  me/sec 2259.73 .02 me/sec 2107.54 % .02 mc/séc
v=h h189.5‘i 5 7mb/sec 2265.41 + .05 me/sec 211%.31 * .03 ric/sec
V=5 416%.6 £ 5 me/sec 2265.41°% .05 me/sec 2113.29 * .03  me/sec
V6. 4249.8 £ 5  me/sec 2267.08 = .03 me/sec - 2119.39 % .03  me/sec
=T 4101.2 2 5  me/sec 2267.19 * .05 mc/sec 2110.16 * .03  mc/see
v=8 4616  + 20 me/sec 2270.60 *.05 mc/sec 2125.10 % .05 we/sec
=9 . 3441 £ 20 me/sec. 2265.90 * .05 _me/sec 2129.63 + 05 me/sec
48 (b,5) = o ([P [5) = | |
= 632.0 * 10 mc/sec = 23h.2 5.
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E. VIBRATION ROTATION INTERACTION -

When there are vibrations and rotations of comparable frequency in

a molecule, the two motions mey couple'émd'the full'intefadtion Haril-
tonian, | | | -

H = Hr +'Hv * Hrm‘
must be considered. In its most'genéral form this Hamiltohlan may be
written asi | | |

B =35 TP, - P, (I
1 - | s

T . ' -
P ~(w) £+ V(q,,q,)

=
[
=M
™M
-
>
o
=

H =53 a, P, - Py

The inqioes i, J run over the spatial.coordiﬁates X, y;.z; Z,_k
'.run over the normal vibratlonal modes. P ‘is-the rofational anvular
momentum about i; pl is the v1bratlonal llnear mome ntum congugate to.
the coordlnate ql o is a structural term relatlng the v1bratlonal
linear and angular momenta. As dlscussed 1n the preVLOue secblon; the
ﬁequlrement that this Hamlltonlan belong t0o . the totally symmetrlc re-
v;resentatlon of the molecular p01nt group may ellmlnate many of hese

terms. Others may'be removed with a_partlcular‘ch01ce'of axes. For,our

~ calculations the instantaneous inertial axes were used. . Considering only’

the'out-of-plahe vibrational modes as coupling appreciably with rotation, .

the rotational part of this Hamiltonian becomes: -

'_' 2 2 2 . ' Y. ;‘.D C
H = (AP + BP, +CPc)fr.§;v & PPyt E n G tD, %

a .
i=a,b,c : i=a,b,c

where Py and Py are the linear momenta of' the twist and bend modes

%



' respeetively.J Tt should be noted'that the'fotational eoﬁsbaats ere
functiobs of qi and Qe : - ., | ". |

Iﬂ the basis set wbefe Hr aad Hv are‘diagonal, the fibai two‘terﬁsial
are off-diagonal in twist and bend.vibiational sbabes reSpectively.v If
a1l vibrational splittinés are much greatef”than:bhe rotational cnergy -
differences; these terms mayibe removed by;a.second ordef berturbation
treatment yleldlng a small correctlon to the A and B rotatlonal cons fs;l%
‘Such conditions are usua¢1y t”1v1ally small in mlcrowave spectros cogj.
I¢, however,;vibratlonal near degenerac;es:ex1st ——-a 51tuatlo be‘
1jexpected in aouble (or more) mlnlmum problems ——.these terms must oe
',treated expllcltly._ It should be noted that in the limit of exact.
v1orationa1 degeneracy, the matrlx elemenbs (v/Pv1b/v g0 to zero in
such a way that the perturbatlon vanlshes._5 Thus it s>only in bhe
»iflntermedlate range where v1bratlonal and rotatlonal SDllttlnBS are oI
:.the same order that large perturbatlonsoto“the_ rig;dﬁ spectrum are to
eXpected. N o - | |

In 1, l~d1fluorocyc10pentane the flrst two palrs of. ;evels sbov:av
_no COrlOllS perturbations of the type descrlbed above, thougb tnere were
'small dev1atlons from rlg;d rotor ass1gnmebts of some hlgh J lines due ﬁo'
b:centfifugaIHQistorbione The next severalfStateslbowever,showed definiteo
'perbarbatioas attribubable to::avPvl.')a coupling term. Tbe aeeignments of S
bhese states is diacussed'in_Seetioh ICg_fin thé*calculabion of these
‘ assignments -anly one vibrationalv sp‘iit‘ciné .i's treated expl"ic‘iﬂy; the
correctlons due to all other terms are absorbed into the rotational |
constants. Thus eight independent parameters — gix rotatlonal ‘constants, -
'theévibratlonal splittlng‘andlthe magnltaae of the perturb;ngimatrlx |
‘;element ——-a?e required bo detefﬁine_the‘rotational sbectraifor the two

fsﬁates, An iterative procedufe,iike:that_discusged in feferenee‘lﬁ was

B
L
A
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used to it the observed transitions Lo these parameters.

show a portion of the vibronic enerpy manifoid fo} the v=h,5 gnd VN
_systemé showing schematicaliy the ‘interactions causing thelstrongest
§erturbations.

As discussed in Section IG,'analysis of the variation of rotaticral
constaﬁts with vibrational stéte allows at best a determination of‘only
the shape of the vibrational potential.v Coriolis interactibhs as
discussed above yleld absolute‘energy separations and may give a.much
more accurate potential scale factor thén’intensity neasurements, as

well as information on the shape.

F. DOUBLE RESONANCE EXPERIMENTS
A number of experimenters have shown that micfowave-microwave

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

4,16-18

nent of complex spectrunm.

Particularly when there is a questicn
as to.which of several vibrational states‘a:transiﬁion belongs, andA
consequently Stark effect measuremeﬁts are of no use‘in assignﬁent (thé
Stark efféqt’of a glven rotational transition is_gsually quite similar
in difféfént vibrational-states), these experiments, if.Sucdessfui, can.
be decisive in aséignment. Such was the case in the assignment of the
v=6,7 spectrum ofll,l—difluorocyclOPentane{

In microwave-microwave double resonance, one{rotatidnal transition

is irradiated at high power. The normal microwave spectrum of only the

transitions with an energy level in common with the pumped transition will

be affected. In our experiments the pumping klystron was frequenrcy

modulated, creating a population modulation. of the upper and lower leveis.

of the irradiated itransition. Only transitions involving one of these

ievels then could be detected by phase sensitive detection.

.

L3
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A

]

[

In practice a small (5-20 V)5 kc/sec square wave was appiied’

the reflector of the pumping klystron while its "zero-volit! frequency

was siowly swept mechanically. The observing klystron was phased-locked,

but not swept. The experimental arrangement. was similar, though not

identical, to that used by previous experimenters. The pumping rlystron

-
L1

O

iJ
i

was operated at lower frequeney and at oppesite ends of the‘absor’ti
cell from the observing eource. Iﬁ was:usually operated at ﬁaximum éawer
(100 to 700 mw). The high power wes decoubled fmeJthe detection diddei
by a high difectivity direction coupler and a section bf'waveguide Just
too small to pass the lower frequency. iit»was fqund veri'importan to
isolate the detector ground from that of the klystrdn by iﬁtreducihg &
Mylar spaeef in the'plumbing.'{The generétion_of_hafmonics,of the pumping
frequency must Ee avoideqias much as possible as fhey will'pass,tﬁe-
weveguide filter. Iﬁ,pafticular it was foqnd that remOvalndf the erystal.
‘zsed to monitor thevpumping.sourcefs frequency decreased the problem of
"aills" (frequency depepdenﬁ.modulatioh of the power reachiﬁg the getector
’which is independent of the presence of. a sample);_ Introdﬁction of a
tunable band~pass filterh in series with the cut~off filtef was also
occasienally useful. Figufe 3 shows a diagram of the expe:iﬁental
arrangement. .

Despite the preééufions_taken, the presence Qf.”hiils" was at %imes,
& severe drawback, requirirg repeated experimehtswwith and Qithout sainple.
The= inﬁensity of the double resonance transition was fouﬁd’to be a sensie-,
tive function of pressure and bumping»powef. Absbiu%e'power'was not
continuouély monitored, and the foliowing remarks'are intended onl& to

zive a qualitative picture of some observed effects. Figure & shows -,

the v=6 3(1,2) -~ 4(1,3) (---) 4(1,3) - h(l;ﬁ) transiﬁion as a function

’
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of pressure. The pumping power in this casé was fTairly low (ca. 100 mw),
and theé decrease in intensity with increasing preszure 1s explained as

a decrease in the degree of saturation along with an increasing line

width. At constant pressure and low pumping power an increase in power

5

increases line iﬁtensity, but'also shortens the lifetime of the states
bounding the transition cadéing'an inereéSe‘in linéwidth bqth in the
punping and/observing frequency domains. vIn practice 1t was-found that
o at powefsyéround‘l/Q watt, thefe was littlé decrease in‘the iﬁtens;ty
of'tﬁe double_resonance transition as'yhé‘observing klystron was moved
as far as 5 mc/sec frdm the line center, .On some_of the gtronger tran-
51tioné, however, it wés foupd possible ﬁo reduce' power sufficiently_
to obtain resolution of less than 1 mc/sec. Figure‘5 Shbws the transi-
tions'v=6_ and v=7 4(1,4) - 5(1,5) {==) "5(1,5) - 6(1,6). - The. results

show gonclusively that the transition line at 26023.51 iﬁ‘connécted-to

one neér_21550 and that the lipe at 2602&.46 is connected'foj5ne near

21538. This experiment led to an impo?tént revision in assignﬁent for

the v=6 and v=7 states. -

”he speCUra in Fig. 6 suggest strongly that both the llnes p!eVLQuSl‘
oooervea at 30294.83 mc/sec and 50296 30 me/sec are coupled to a transition
line near 26043, This was given further credence in a subsequent ex-
periment showing a connection between’26dh3.75 and both 21767 and 21772
mc/sec.» These experiments gave the first,clueIin-the'assignﬁent'qf the
v=9 state. o

Table VI lists the double resonances obéerved.. These éxperiments

were c¢rucial in the assignment of the highly perturbed v=6,7 states,

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



'

Table VI

Observed Double Resonaﬁce

-+ 5(0,5)

Transitions

Vo= ks 5(1,5) - 6(1,6) - 6(1,6) - 7(1,7)
v k5 5(2,4) - 6(2;5)’~4> - 6(2,5)14 7(2,6)
6 ‘xgw;uuﬂ>~ = L(1,k4) - 5(1,5)

7 5(1,3) - B(1,4) = _ %;A<1,h> - 5(1,3)

6 3(1,2) = 5(1,3) <o (1,3} = 5(1,%)
V=6 5(0,4) - 5(0,5) = - 5(0,5) - 60,6
Vo= 7 4(0,1) - 5(0,5) ~5(0,5) - 6(0,6
v o= 7 5(0,5) - 6(0,6) 6(0,6) - 7(0,7)
v o= 6 O 5(1,5) - 6(1,6)=~— - 6(1,6) - 7(1,7)
Vo= 7 5(1,5) - 6(1,6)= ~6(1,6) = 7(1,7)
9 hwﬂ)—%mivv - 6(0,6




G.  POMENTIAL TUNCTION
The primary objectives of this reséarch.are first & determination
of the potential function géverning the out-of-plane vibrations in
1,1-difluorocyclopentane and an understanding of the dynamics of the riﬁg
puckering motions,.aﬁd sqund, ah‘interpreﬁation of this potential in terms.
of molecular étructﬁre and individﬁal force fields in the molecules. |
This section discusses thé@gotehtial while the nektlrelates this to a
molecular model. |
Before writing down explicit formulaé, it ﬁight be well to discuss

»briéfly the types of potentials énd moiecular.motions that might be
expectgd —— and which muSt thérefore be able to be treated by our thedry.F—
in light of whét ié known of similgr molecular systems. |

"~ The stable Conforﬁation,'and‘vibrational_motion about this structure,
in ring compounds'is largely dependenﬁ on the balahce of'two kinds of
internal strains:,vone, the torsional forces between adjacéht substituents
and in some cases noh-bonding electron clouds, an& the othér,-the force
due ﬁo bending about‘the skeletal gtoms. Puqkering of the,fing decreases?
the torsional strain by allowing tﬁe substituent atoms to mdve away from
ﬁheir planar eclipsed p6sitions; at the same time it decreases the
average bond‘éngle,van four membered rings whereithé ring-éngles are
lglready'quite stréined in the planar conf;guration; ﬁhe twoiforces,aie fairly’

closely balagced in_the,unbent ring. All of these molecules so far studied have

-

shown a barrier to the planar configuration, of between 30 and L0O cm™ .
.The . ring angles in 5 membered rings are not highly strained in the
unpuckered ring; the torsional forces'ﬁay, however, be quite large.

Consequently it is expected that there will be large potential carrier

to the planar configuration. Semi-empirical calcuations like those

»
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déscribed in the next section have been made for a number of molecules;

- all have shown a barrier of afound 1000 cm*l. vThé-éxceptiQn:to this
would'ﬁe in case of the ihtroduction of a double bond info ;hé ring,
decreasinglthe torsional strain to the pqint where tﬁevplanar configura—tl

tion may indeed be the most stable. Microwave studies on dihydrofuranl

19

and cyc10pentane " have shown that the formér is planar while fhe lattér '
is benf‘with a barrier of 250f5OO cm_l to\ﬁhe_planar configu;étion. In _J
rings of six atoms, both the torsional'and béndiné‘constrain£s favor a
puckered ring and the:energy barrier at the‘planar configuration is
“typically se&eral thousand cm_}.

There are two out-qf-plané vibratiohal modes in five membered rings,;
and the deviationvfrbﬁ planarity is distfibuﬁed a@ong theﬁ; " In Fig.' 8
are shpwn a number‘ofvpossible potentialéigOVerniﬁg the out-of-plane
motioné. All have.high'central'barrieré and all are charéctéristic of
molecules wlth atlleasf'CEV symme%ry’in fhéir planar configuration, but they
differ rémarkably in otlher respects. ?igute 8a shoﬁs the poteﬁtiéllfor
the'symmetriCal cyclopentane, ‘Nbf only gré the twiét ahd béhding ﬁotionsv
degenerate, but there is‘a path of zerpvénergy“béﬁween the two configurations.
This is the;pseudorotaﬁidn paﬁh. - Flgure 9;is réprodﬁcedvffoﬁ reference 9:
I'tovshow the reiationbbeﬁween'fhe :pseudorotation‘angle and the ihdividual_
motions of the atoms. o ‘ |

Figure 8b shows the effect of remoying the.dégenefacy'of'the Eénd"
and the twist, but only slightly-..There ié‘nOW'a'small'barriér fO'pseudo;
.brotatioﬁ, but fhe motidn-isbessenfially similar té'that.df c&clopehtané.'
This is similaf to the potéhtial'qbserved fér,tetrahYdrofurdh. In Fig.‘
8e the.two modes dre no ldhger élosely.degenerateland thé méti@n is‘neafly-

" pure bending about a permanently twisted conformation. There is no
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inherent reason why the potential minimum must‘ocgur.eitﬁer éﬁ the.purely_
bent or purely twisted configurafion with resnect to the unique axis. |
.Figufe 84 shows a potenﬁiai in which thgre'are foqr minima off the axes.
This correSponds tojnearly;degenerate, but completely undoubled bend

and twist. | | |

In order to talk quéhtitaﬁivély aboﬁf the vibrational potential,

this potentlal must be’ ‘expressed in some- sort of mathematlcal form. This
form must have the capabillty of descrlblng all the types of potentlaLs
described above. A convenlent cho;ce is a truncated Taylor series expan-
sion in the out-of—planevcoordinates ql.ahd 92' This‘is cefﬁainly not thé
only possible choice;.but it is én'easy on¢‘to h@ndle.ﬁ?ést experiénce
with both four and five membered rings has shownvthat.inclgsion of terms |
up to fourth power in the éoordinétes éhoﬁid be éufficientvtq describe -
quité well the molecular dynamics‘and.the'available}micrbanev

data. - It should be noticed that»such.a pqﬁehtiai, although:simple,_allowé'
¢ach uncoupled mode to have a single minimum or £wo miniméjseparated 5&
a barrier which may be continuously varied? and allowsvforw?ariéble‘ ‘
coupling between the modes. Gaussian.barriers>héVe leo:been uéed for
‘double minimﬁm problems,‘but'in most qases:have ﬁot given'significahtly
bettér resuits than thevsimpler.power series éxpansiohs.

The Hamilténiah becomes:
2 -2

ok R 2 R 2_2
Tan 7w, 14 T T 2% T % b

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

+

20 o s :
.form P P /ul2 are zero. - M1 ard M2 are not in general indépendent o
the coordinates 9y and 90 Since this dependence 1s not known, and would

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

Sreated explicitly, we assume that the reduced masses

ar -

are constant. This assumption is valid fTor the déscription of erergy
states for which 4 and q, are fairly'@eli limited close td their
eqailibrium values. Such should be thé.case for @nergyvlevéis well belidw
Tre barrier, and soO we may ekpect a fairly accurate reprgsenta
the first eight or ten levels of l,l~diflubrocyclopentané.'
Vost of the caleculations were done Qn.this form df Hemiltonian,
but it is useful fof-purpdses‘qf viéuaiization to‘make a'cnange o

~

" variables. As shown in reference 6, the set of transformatiorns

2 1/
¥ = ! ‘Ml R
r cos 0 = X r sin 0 .= X,

1

iead to the Hamiltonian:

H = l'P T Pr l-+'a".r2 +-b"ru
L S Y
+ 2 Eé + 5( -cosQG)[r (a 2~ al) tr (b2 - Dl>9
+ % (L-cos h@)[ru(c' - p! - bxj] - : (2)
g 127 %1 " % | 2

Ine primed force constants are ai =m.a b' =m b’; Cip = WyMyCis.  THE

}_]
[
w3
Q
m

possibility of the separation of the molecular motion into a radia
seudorotation coordinate is clear. In cyclbpentane, under the assunption
T high central barrier in which case, the two modes separate well, this:

reduces to two one dimensional Hamiltonians:

o b

H =P 1°p =+ al T b' i
r r rr l '

B = P2 IR SR
6 = g o AL

R

The pseudorotation energy levels are Jus* those of the free one-dimensional
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rigid rotor., Small deviations from the uymn.etrj of cycloyentdnc will

require the addition of the (l-cos 20) and (l cos 49) temms to 1@.

aeviations rcqulre a complete solution of tne two dlmen31una7 Hemiltonian.

Larger

In tne case of 1,1 difluorocyclopentane, the vast difference in reduced
mass Tor the bend and the twist led us to the beliéf that alédlution in.
terms of 9y and % would_be asusimple asfone in f and é.' |

It should be said that the Séme transformation may be made for tlhe
potential as in (2) withOut'the‘initialvtransforﬁétion‘to ﬁass réduced

units yileldings

V=.alr + bl_rlL + %—(l-cos 29)[:2(a2 - al) + ru(be'-_bl)l (3)

+ %-(l-cos he).tru(cl2 - by - b2)]

Though not of gée for calculations this is a convenient fofm of the
potenﬁial forbvisualization of the éctual motionélof thg moiecular"
frame.: | |

- In several past microwéy¢ studies on ring compounds it was foﬁnd
possible to determine the potential; within a constant‘scalevfactor,
without making any assumptions on the actuéllhaturg of the motion, by an L
analysis ofvthe variation of rotational constants with vibratioﬁal
state. Each rotational constant may be expanded as a Tdylor.series in

the expectation values of the vibrational coordinates, i.e. for two modes

2, 2 b 2 2
Ay = Ay + O Q)+ gy (d), oy, ,<q1>w‘ 0 ey Gy,

ok : : o .
Truncating the series at a convenient point (usually at the fourth

power in the coordlnates), it 1s p0551ble us1ng an iterative P”OCLGh¢v;4

10 calculate the potential wnlcn best fits the set of observed rovational
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constants. This procedure depends for its sﬁccegs upon the sensitiviﬁy
of the expectation values of the coordinatés to sﬁallbchangés in the
potential funetion. Expectation:valueé are typically sensitive to swall
'changes in potential only. for vibrational.statés'rather éloSe-to'the
barriei. V : .

In 1,1-difluorocyclopentane, the quite regular variation of the =

ct

and C rotational constants and the indeterminancy of A suggésted th

©

sugh an approach Would be of little usé. The vafiaﬁioh in rotational
constants will be used in conjunction with other_datg in determining
the potential,_butva unique solution based just on the criteria of (&)
is not pbssible. The other useful data‘frém ourjexperiments is the
observed spliftings bétWéen the v=4 and 5 and v=6 and T vibrational
.Stétes of 116.6%5 mc/sec and 692.0%10 mc/sec respectively. These twé‘
pieces of daté.are; however, not sufficient to determine the constants
in (1) without any assumptions.

The procedure used was as follows: The Haﬁiltonian'wasIfiTSt.?ut‘

26

in the reduced form

5= 5,057 - 2+ v+ 5,02, 4§+v>§)+c (5)
© The transformations‘are: )
= (2ma)l/1+ X (1/2ma)l/l+

where the primes are left off for convenience in the resultant Hemiltonian..

Initial guesses at the five parameters determlning the energy were made
based upon the model calculations of the next section. . The two separate
arharmonic oscillator problems were solved in harmonic oscillator basis.

S3ixty basis functions were used; using the C, ~symmetry of the Hamiltonian

v

the problem was factored into that of the dlagonal;zaulon of four 30xG0
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. . . 2 2
matrices, The matrices for Xl and x

2'were'calcu1ated.and transforied

to the representation of thélénharmonic'osgillators. The métrix.df'thev:
direcﬁ proddct of the two anharmonié osqillators;was then calculatbed,

the coupling terms were édded, ahd it was diagonaliiéd to yield the

final energiess To yleld reasonably écéufate enérgies it,ﬁa$~foﬁnd
necessary to include 2k basis'function§ of'the bendiﬁg mode” and Q0.0f‘
the tﬁist. Symmetry reduced.the problem-té that ofvthe diagonalization
of four 120x120 matrices. Tﬁé entire probiém reqdired abouﬁ 8 minutes

of computer time on a CDC 6600.

‘'This procedure was followed for a number of values of the parameters.

ke
&

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

ERr-Yop

between the pairs of levels was very sensitive to the difference in
potential between bent and twisted forms; in terms of Eq. (3) this i3
just twice the coefficient of the (Ll-cos 20) term and may be termed "the

barrier to pseudorotation,”

or more coriectly the "twofold barrier.™ In-
terms of the.reduced Hamiltonian (5)? fhe.barrier is-l/u(sl/vl - 52/7)-
These splittings were much_less sensitive td other detailé bf the po-‘
'tenfial. The barfier consistent'with £he observgd energy-differences
was found to be 28020 cm . | |

.Also of some interest is the four~fold barrief;vi.é. twicevtbe
coefficient of (l-co§”46) ini(}). Calc&létibns.showed‘that'the ratio
of the v=l,5 to the v=6,7 splittings, as well as the_¢xpansions of B
and C rotational constanf, is’parficularly‘éenéiﬁive to thié terh waile
being remarkably unaffected by other pétential parameteré. These data

require that the term (c12 -b

L - by) in (3) ve -6.622x10™. This corre-

sponds to a four-fold barrier of -73*20 cm. -

»



A contour drawing of the potential:
| W, .2 . 2 S u o 22
V = 10 k__j' l75 ql el 5'.)2 q/2 + 27'8 ql + 27"8 ql ('8 )'U qlri?_)

is shown in Fig. 10. This potential has a’tWo-fold varrier of 28% cn
at the bent configuration and'a_four~fold term of.-75 cm_l; Us;ng Tor
the.réduced masses of the bend and twist 100.3 and 42.3 AMUvas calculated”
in the next section, the energy levels for this poténtial are snown in
Table VIII.' The expectation values (qi) (qé) were calculated for the first
several vibrational ststes. For this potential the assumption that tne

" molecular motlon may be thought of as nearly_pure bending was found o

be invalid even for the lowest few vibrational stdtes. ( ) was found

to decfease with vibr ulonal sfate at approxlmately the samé rate that

24 . '
(qe) increased. The B and C rotational constants were expanded as:

i

B = 2150 + 1h1 (qf) + 250k (45) me/sec

C

1980 + 1641 (o2) + 3141 (63) me/sec

Compafison‘wlth the enperinental rotatlonal cpnstgnts is shown in
Figs. ll and lQ}l An expansidn for the Afrptaﬁipnal cbnstant was not
‘attempted as the nehavior in this case indlcétes_ﬁnat structural effects
are Tess important thandangular momenta coupling. In order. 'to include
the.gecond qrder effect of Pbpé and Pcng nerms'on-fne»B'andfC rotatiqnal
“constant, the matrix elements'(v/pg/vi? wére calculated in the enefgy
represenﬁation. 'Tne perfurbation éums,shoWed ﬁhaflthe'efféct of these
terms’ is nearly 1dent*cal for the lowest 10 or 12 v1bratlonal Suates.

The matrix elements (vh/plv5 and (v6/pl/v7) were calculaued. The

calculated ratio of the two is 0.119. The experimental value 10'0.122;"

" In summary, although a complete determination of the vibrational
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of the potential and the ring puckering dynamics. In addition & deter-

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

1

value 280420 em . The fourfold‘bariiér is =72#20 em™ L

H. TrIE MOLECULAR MODEL
In order té relate those characteristics of fhe vibrational
potential determined by the microwave data fo thé actuél‘chemistry of
the molecule, it is useful go postulate;a‘ﬁodel for the moiécular @otions

in terms of individual structural factors and force fieldé. The overall
potential may then be caleulated in this mbdel fér a number of values

of the.structural barameters,.and compared:with ﬁhé ekperiméntai poten~-
tiale | |

6,9

The general approach has been described elsevhere and so is

very briefly related here. The assumption is made'that'thevmolecular
 potential may be expressed as a sum of torsional potentials described

by V, = ti(l—cos:BQi) where Qi is the angle between the vectors E} and

-

gi+l'<El is the vector perpendicular to the plane defined by the three

carbon atoms‘Ci:l, Ci, and C

i+l)’ plus a sum of Bending pdtentialé

defined by §'<ai-- 02)2 where «, 1is the instantaneous angle and'az

i
is the equilibrium value. It is assumed’fhat all bond lengths remain
constant and’that the hydrogensvahd fluorines remain rigidly attached .

to the ring atoms. Under these assumptipns the 1lnstantaneous molecular

struéturevmay be specified by four internél paraﬁeters. Two of these L
we may take as the bend coordinate Q2 and_ﬁhe twist Ql. - The others yeb
shall cail Sl and Sg. The poﬁential is ééiculated for a gi&en Ql and

Q2 as a sﬁm of torsional and bending energy. Sl and Sg'areballowed to

relax to give a minimum energy. In addition the coordinates of all the
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atoms are calculated in a convenience axis system and then transformed
to the inertial or other convenient axis systems (in ocur case it was
found useful to minimize the vibrational angular momentum about the A
U . U e 27 s

inértial axis by applying the Eckhart condition). ' Derivitives of all
coordinates with respect to ql and 9% are calculated. The 5x5 ‘tensor, A,

defining the total kinetic energy by

27 = Q%ﬁ%ak vlva) . A

RN

| is calculated. The'upper'left 3%3% iS’just'the ihertiai fensor. The

vibrational teims are

/

f/ axi S , o Bxi 2
A,=S 5 m [ —| a4 5 5 m [ —=
Lk i xyz + ;qu' o2 i xyz 'Bqé

: axi axi
A =A, 2 23 m;, § ——— ———
45 -s)f i xyz 1 aql . 5q2 ,

the coupling terms between rotation and vibration are of the form

o - i 1
Ay =2 omg Ly 3 =24 T
. i q qu

In order to make thé‘transitibn to quantum mechanics theﬁkinetic energy .

_must be expressed in terms of'momenta rather than velocities., It is

easily shown that

2T = (PanPcp;pe) A

g W
NHOG T



The potential V and.the matrixAml sre calculated for & widc ranzs
55 values of 9 and Qe _A powéf ééries exbansion in these coordinates
is then carried out for both V and each element of A;l.

To make a valid comparison with the simplified quantum mechanical
nodel alfeady chosen, a number of assgmptions must. be made aboﬁt the
iiinetic enefgy. The firét is that the vibrational problem éeparates
from the rotational oné; that thevcbupling terms in Aml may iead ﬁo
corrections to rotatiohal energy asvdiscusséd.in Section IE, but will rot
cause gignificant changes in the vibrational energy. The cross tgrm
p12p1p2 in thé kinetic energy may in theory beleliﬁinated by a éhange in
va;iables; In préctice this term was foundbto be small enough o neglect..

1so the dependence of the vibrational redﬁced masses of thE_two TOAES
.upon ﬁhe coordingtes was negleéted in our éalculations. In pracjicg agaiﬁ
this dependenég was fouﬁd to be quite small.  In Qfder to ﬁinimize_the‘
error due to this assumption, the‘reduceé massesvwere calculated for the
configuratibn.of lowest energy rathér than for theé planar molecule.

The vibrational masses were not.fOundlfo be barticulérlj sensitivé
‘to changes iﬁ torsional énd bending constanfs. The potential,‘however,

is quite sensitive to small changes. We label the unstrained ring angles

as Oti

and define the bending and tofsionalﬂfdrce constants bi_and ti as -
before. The assumption is made that G, = a5 = aM = 1O9.5‘°,‘b5 =D = 1.08

m dyne ﬁ/rodg, €2_= t5‘% th =550 cm~l. The assumption of tetrahedral

angles for all the ring angles:except the one at the CF2 gfoup.ié

probably quite good.21 The bending force constant is taken from an
analysisIOf paraffins.22 The torsional barriers are a little higher

than those of ethane, but 1t was found necessary to use these values in
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~Al=

- - -~ o 27 - -~ .. . - . - ’ » -
- treating tetranydrofuran.“j The four undetermined parameters we tore

as e (" -1 = ] - ='.. ,—w, t. =t ) = J"-' ) a ;| - Cif.\c
¢l v \bl D?)’ (b?_ b)) (bb Oj)" <‘bl Lg) (ub tg/ and (al d)

We then explore the effect of these on thé potential and in particular

on the pseudoroﬁation barrier B, Tablie VII shows & set of approximéte 
derivitives determined from the molecﬁlar model progrémf

To go further ffom:here, it isvnequSary to use some chemical
intuition. We therefore set thé folloWiﬁg limits upon our undefined

parameters:

L : . . . o B o
.~ mdyneA g mdyneA
0 < (bl-be) < 0.2 == 0 < §b2—b5) < 0.1 ———

- rad . ) rad
0 < (dl-qz)'< 15°

The great electronegétivity of:the‘fluoriné atoms is expécted tb»étiffeh'

the spriﬁg constants for the nearby_ring‘angles asiwall és épening up

fhe.unique angle., The limité we,hayé Sét'afé,quite conservétive.

Using these'ineéualities, thetderiviﬁives.of Table VII apd"the
observed value of B, it is readily derived that the F-H barrier must
be‘iess than H-H one by at least 80 cm™, ‘

This 1s the pidtﬁre Wé'have.of the internal forceé in 1,1 -difluoro~-

 cyélopentane. The low H-F torsiohal barrief is éomewhat surprising
since ﬁhe bafri¢rs in CFH,~CHy and CFE-CHB,éfe ﬁearly~thé same as for
etﬁane.gu. On the other handé'Luntz haélsh5Wn'the.barrier torthe_planér'
configuration in l,l.difldoroéyclobutane‘is'241 ém—l.as éomparéd‘ﬁo
(ca.. 400 cm-l);25‘f§r‘tﬁe.ﬁnsuﬂstituted cyclobuténé. TheVléwer bafrier~
is probabiy'mainly a féfléction ofvthe loWér H-F fs. H—H torsion in |

this molecule.
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Table VII
g~_§§___ = +67 - an ' %l+254 -
9B -0 . e w23
. ‘a<b2-b5) o O(t,~t,) |

:Calculated at al = aé = 109.5°%; bi = l.27_mdyne_£/rad2'

1

b, = 1.18 mdyne A/rad; b

2

5 = 1.08 mdyne‘A/radE;itl = 470 em”

= -1
5 550 cm ‘»

o+
it

B = 264,2 cm"l
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4 ~/Table VIII. Enérgy'levels of the Hamiltonian
o 2 2 - B S 1
H =0.199p, + O-QSAPQ + 10 (—9975ql - 5-54q2 ot 2(-861l

+:£7.8q2u + h9;0q12-qé2):

v Eneray <cm-l)v
o i | 0..000000
L 0.000043
2 o 20.k79685
5 - 20, 480126
4 u6.669659
16673418
6 75. TH6567
7 - 75. 769380
8 . . 106.710107
9, | : 106.829351.

‘10 . 138.467060



I. CONCLUSIONS

This microwave study of 1,1 difluorocyclopentane has allowed a
considerable refinement of our picture of the out-of-plane motions ir
this molecule, and in five membered rings in general. A complete

potential determination has not been possible, but a determination of

-4 -

the two-fold and . four-fold barriers has beenvmade;: They are 280320 cm-L
and <2#20 cm—l. The . twisted configu%atioﬁ is moét stable,

The barriers have been related to a @olecular model in which the
total potential is expressed as a sum of indi&idual torsions aﬁd
bendingé. The analysis has élloﬁed limité_to beléﬁt on tﬁe'H-F versus
H-H torsional barriefs in this mblecule.'_The-H;f'barfier;mﬁst bg at

least 80 cm"l less than the H-H.:



lt |

5-

- =55-
" REFERENCES

Gail G. Engerholm,nPh.D. Dissertatign, University of California,
Berkeiey (1965).

Se I. Chan, J. Zlnn, J. Fernandez, and We Do Gw1nn, Je Chem. Phjo..
3%, 1643 (1960) | | |

S. I. Chan, J. z.mn, and W. D. Gwinn, J. Chem. Phys. 3l+ 139 (1961).
D. 0. Harris, He W Harrlngton, A. C. Luntz and W. D. Gwinn, J. . |
Chem. Phys. Ll, 3&67 (1966).

Alan‘C. Luntz, Ph.D. Disseffation (PartlI), Uni?ersity“of Californié,

Berkeley (1967)

J. E. Kilpatrick, K. S. Pltzer and R.: Spltzer, J. Am. Chem. Soc. -

69, 2483 (19h7)
D. L. Harrls, G. Engerholm, C. Tolman, A. Luntz, R. Keller, and
W. D. Gwinn, J. Chem. Phys. (in press).

J. Durig and D,lW.'Wértz, J. Chem., Phys. 49, 2118/(1968).f

 J. Greenhouse, Ph.D. Dissertation,_Univeréity.of'Califbfnia, Berkeley,

(29€8).
C. Tolman, Ph. D..Dlssertatlon, Un1versxty of Callfornla, BerxeLey,
(1964). | ,_ | .
A. Narath and w.': D Gv:‘inn,‘Rév; Sei. instr. 33, 79  (196’2).

Philco No. 416k, Miérowéve Associatés‘MAh62HA MA&625A.

-W. D. Gw1nn, C. Sederholm, A C. Luntz, and R. Mllllkan, J. Compla .

Phys. 2, 439 (1968)
Alan C. Luntz, Ph.D. Dissertation (Part II), University of Cali-
fornia, Berkeley (1967)

D. R. Lide, J, Mol. Spect. 8, 1h2 (1962).



15,

16.

17

l9a

20,

2l.

s 22,

23.

24, -

25,

27,

-36-

D. 0. Harris, Ph.D. Dissertation, University of California, Berkeley,

(1965).

M. L. Unland, V. Weiss, and W. H. Flygare, J.__Chem.v Phys. 12,
2138 (1965). | .'

A. P. Cox, G. W. Fl&nn and E. B. Wilson, Jr., J. Chem. lPhys. 2,
509k (1965). - o |
S. S. Butcher and C. C. costain, J. Mol. Spect. _:L_'g,\. ko (1565).

E. B. Wilson, J. C. Decius and P. C.:Cross;lMolecular Vibrations,

MeGraw-Hill Book Company, New York, 1955.
Calculations on trimethylene sulfide were méae with a émaller vaiqe; :
taking into accohnt sdmébrehybridiéétion in- the strained ring. ‘In
-5 membered rings the average plénariangle’is 108° and_this vas
thgught tb bé'ﬁﬁnecess;ry. | |

R. G. Snyder, J. H. Schaactschneider, Spectfoqhim.‘Adﬁa'}QJ 117 (1963).

‘Alan C. Luntz, Private Communication,

Ve

Ef"B. Wilson, Advances in Chemical Physics,,V. II;"Interscience _

~ Publishers, New York, 1959.
W. D. Rathjens, Jr., N. K. Freeman, W. D. Gwinn and K. S. Pitzer,
JeA.C.8. 75, 5634 (1953). - |

Sunney Chan, Ph.D. Dissertation, University of Califdrnia, Berkéley;

(1964), _

M. Tinkham, Group Theory and Quantum Mechanics, McGraw Hill Boox

Company, New York, 1965.



PART T ~ FIGURE CAPTIONS

Fig. I-1 A portion'of‘the.energy manifold for V = ﬁ,5; :Approximate;
ly to écaié. Strong pertqrbations éfe'Showh With dofted
lines. ‘ |

vFig. I-2 | A por%ion.of energy manifoidzfor V = 6,7; Approximatelyv

to scale. = Strong perturbations are shown with dotted

lines.
Fig. I-3 Microwave-microwave double resonance spectrograph.

 Fig. I-h The V= 6.5(1,2) - K(1,3) --- k(1,3) - 5(1,4)
| ‘Double ﬁgsonance Transition as.a fuﬁction of pressure.
Fig. 1-5»' The V =:6'and v'=.7 L(1,3) -;5(1,u)----‘5(1,u).- 6(1,5)
Double Resonancé~Transitioh. Obsefved single reséﬁances
are at 21557.89; 21550.25, 26023.51'and'2602ﬂ;h6 mé/sec.
Fig. I-6  The V=7 and V.= 9 5(0,5) 6(0,6) ~-= 6(0,6) = 7(0,7
Double Resonance Transition. 'Observed'single resorances
are at 260&3.75, 50294.83, and 30296.30 me/sec.
Fig. I-7 Appfoxiﬁate structure for l,l_difludrocyclqpepﬁéne.
o is the twist angle; B is the bendfangle..'
Fig. 1-8 Cdntour-diggramsvfor.a number of poSsible'potential-surfgces,
(see text).;_lOO cm-l contgufs; |
Fig. I-9 ~ The cyclopentane symﬁetries.v
Fig. I-10 ~ Contour diagram‘for‘the potential -
V=10 (3,75 a2 -3.32 o) #2780,

+27.8 q2')1L + 1+9.O'q12~ -q22)?



Fig. I-1l

Fig. I-12

-Expansion of B rotatidnal_constant.-

/ .
culated expansion. . The circles are
Expansion of C rotational constant.
culated expansion., - The eircles are

The -line indicztes cal-
-the experimental values.
~The line indicates cal=-

the experimental values.
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PART II

' COMPUTERS AS INTERACTIVE DEVICES IN
| CHEMICAL EXPERIMENTS

i
|



Over”the past severel years there hes;been.a trememdousiincrease
in the use of'digitalvcomputers in chemlcelvexperimemtsvas&direct inter-
| active devices. Today the avallablllty of small- low-cost computers has ,‘
allowed such experlments to become almost commonplace.;
In 1963, shortly after the original: paper on dlgltal tlme-averablng :

.'of magnetlc)resonance signals by Klein qnd;Barton,l the‘Chemlstry Depart-:
ment of .tﬁ/é Uﬁiw;ersity of california .purchas'ed a..v'small-to-vmedi'um'sized o
_'dldltal computer prlmarlly to stimulate 1nterest in these types of experl-
~ments. Slnce that tlme a large numberuof experlments have been connected
‘"on line" to thls computer. This: author effected the flrst very simple,
1nterface, with an NMR spectrometer, and was involved less dlrectly in a
. much more complex connectlon with a mrcrowave spectrometer.m:Thls section:
di5cusses briefly the former interface (the latter is déScrited iu-detail
in ref° 2) and also treats in'a general sort of way some of the advan-
: tages of a:computer—coupled experunent system and the drfferenceS'bee
tween:varlous types of systems;'_ o

'vBefore:describing_the NMR.exéeriment'lt Would_be well"to mention
the general goels of computer.experiments énd the‘particular'goals ofvf
“l our experimentf The firﬂtvandvmost obvious reasom for the construction
of any computer-coupled-system is for-tlme averaging. In‘conventional
systemsffiltering‘is most eesily done electronically.‘~lf the machine
noise iS'"wmlte" or completely random, time constent filteriné:ellows a
signal to no;se ration (S/N)‘increase proportional tO’ﬁl/?: where t'is
the time spent on the experiment. Almost all actual physical chemistrg

experlments are llmlted by noise which: ‘has & l/f (f is the "freguency"

of the noise) component whlch becomes 1ncreas1ngly 1mportant as longer

[y
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time constants are used. Under these conditions it is easily seen that
increasing the time spent on an experiment above a certain limit will be -

to no avail in improving S/N. If filtering is dohe-by digital averaging t

' r al . /2 .
‘of a large number of sweeps, however, it is seen that S/N « n / . where

n is the number of sweeps regardless of the characteristics of the aois

1/2

spectrum. Since for constant sweep speed t « n, S/N x t o Time aver-

(8]

agiﬁg will never gi#e ihferior'reSults to electrical averaging by a time }
constant, and is a conéiderabie impfovemeht,fdr.low freQuenc& noise re-
duction, We would like to know how much improveﬁent time averaging may
‘yield practically. For many.chemical expefiments, the i/f cpmponent ' '
of the noise_becomes éppreciable at ~ lcpss. Under these conditionSVand_
for reasonable averaginé times, we may.expéct an'improVeﬁenﬁ of S/N of

a factor of 10 or 20, butflittle more. ;In'experiﬁents on'franSient
phenomena which ﬁust be carried out verY’rdpidly,'fepetiéiop_of the'eﬁ-
.periment‘many thouséhds of times may give’S/N increéseé of greater than
- 100. | |
| iThere are a number of other advéntéééé ﬁo digitizatibn‘of'déta..
SaVitsky5 has discussed several techniqué$ of'treating datézwhen

it is in digitaivform.so as to bring to light facfs which are implied.b&
the ra& data, but,whiéh'may not be immediately obvious,' Cﬁrve smoothing..
by fitting dafa to & simple pqunpmiai allows for increésede/N at the |
éxpénse’of reéolution. Sincé this type of filter£ng is done in the
frequency; rather than the time, domain)'many trials may bé ﬁadevon & nigh-
speed computer Withoﬁt.Wasting instrument'time. ConverseLy, resolution )
may be enhanced by convblution'téchniques in which, typically, the second
deri&itive of the daté is added to the raw data with the appfopriate |

weighting factor. 1If, as is often the case, the shape of an absorpiion



é

line is known, the data may be ‘directly fitted to this shape.function, or

or a sum of several, to yield the spectral parameters of interest. To do.

o ' e y b
this 1t is necessary to have the data in digital form. ILusebrink has

shown that the shape function need not be expressed as.a mathamatical

functibn, but may instead be just a set of data poiﬁts. Thére are still
other advantages of digitized data. Tt may be reédily“sﬁrtedvon
mégnetic tape and recailed at.somé fufure time. ‘Thus a‘timé-averé
agihg experiment could be'started‘at oﬁe time and'complétédﬂat & much latér
date. |

To this polnt we have”;ot discussed the computer asfafcpntroller Of,l

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

. dous advantage over the simple pulse-héight analysers used for the first

MR time averagihg exper}ments. The.computer and'the various experimenﬁs:
ﬁhich are on—iine may- form & truiy interactive gystem. An instruction_‘
from any givenvexperiment may generateva éhain of'éventé iﬁ'the compﬁtér,:
whiéh in turn may give instructions to that experiment,‘or,'if desired, -
any other one. The mechanism of these igstfﬁctions is diséﬁssed in ref..é.
and will notvbe diécussed here., They may take mahy differentkforms. For

instance. computer instructions might bei"change oscillator to new fregu-

ency xxx", or "step motor A one step clockwise", or "ring bell indicating

computer error". Instructions to the computer might be: '"read voltage.

A and store" or "stop sweeping and retufnvdata on.D/A convertor"”.

In time'averaging experiments it. is péffiéulérly useful to have ﬁhé
computer in the central loop as there may_btherwiSe be‘difficulties in
adding»successiQe sweeps with absolute registration bf.ffeqﬁéncigs. It

is, of course, possible to read both a frequency and a voltagé; but tuis

approach requires that there be many channels over a line-width in-order
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that the data not be distorted. If the computer is used to ¢ontrol the
frequency (I have assumed the abscissa éoeordinate to be "frequency"
throughout, but it may just as well be "magnetic fiel ",_"distance", .

"mass number"; or some other coordinate deﬁending on the ex?eriment) this
problem is eliminated. |
A, THE WR EXPERTMENT
Ih connecting the first experiﬁent tQ our computer;‘our aim waé tb
achieve usefui resulﬁs witﬂout spénding a‘éreat dgai of time on the
establishment Qf anvelabofate éystem;,lIn additiQn we Werc;iesé_interested‘
at first in S/Nuimprovement by time-a#eraging tﬁéh'in just oBtaiﬁing‘data}
in the digital form negbssary for various fypes of-"curve decomposition™
routines.ll Fof‘thesé reésons thé sysfem ﬁsed did not attenpt'to use
pthe-computer‘in fheﬁcéntrol ioop as deséribed in the:last paragraph.
A ﬁlock diagram éf the system is showﬁ'in Fig;'l.' Thé.nbrmal mechan- -
- lcal éweep 9f"the Varian<A-60:spectrometer'was used. Moveéble micro- -  =
Swithgés"ﬁ;re placed to limit_ﬁhe motion éf the car;iagé of the fecordgr,'

" and thereby théwmagnetic field, to the region of interest. Data were.

" taken oﬁly while sﬁeeping in one direction; the.répid SWeépimbtor was
used to ?etuﬁn tﬂe carriage for another sWeep.
Data were taken on a time base pfovidgd by avvériable'oscillafor, C.’
This waslgafed with a signal EOF whichvreflécted whether‘the_séectrometer“ ‘. -
was in-a'"sweép" or "return" configuration; and with a signalrER whiéh
bécame true only in case the‘gomputer did not respond to'é.réquest to é -
accept data within one half—éycle of C. 'Thé rest of the circuitry is

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

of & new sweep if an error were encountered.



There was foﬁnd to Be one primaryvdifficultylwith this system wnich
was the lack of absolute channel registration, i.e. there are no condinions
»to.insure that one sweep adds'exactly on top of the previoﬁs.ones. One

method used to minimize this.proﬁlem Was to searéh_each éwgép to fihd the
position of the maximum'of the first line and to:insuré»thaﬁbthis point.
‘at least would add cohérently]by shifting the abscissa o%lthe spectrum‘b
thé‘necessary,amount; This procedure woﬁld have proved Satisfaétory were
there not small variations in sweep rate as Weil és‘driftsvih thé megnetic
fieldAcontrol loop of the.spgctrométer (thé A-60juses an extermal stan-
dard for control). The drifts were small and only of importance when
trying fof méximum’reéolﬁtionlover a reiatively long sweep. In sone -
experiments each s&eep'was scaled 50 as té alléw two pointS'of'thg spec-‘:
trﬁm to add cohefehtl&. This‘reduced the'groblgm.still fuﬁfher, but
never completely eliminated it. | |
| Figure 2 shows the results of a:time'éveragiﬁg experiﬁ;nt. The
sample was an organic unknéwnvin‘a micro-cell. The'time aVérage’spectrumi
shows a number of features that pfeviouél&:were<completelyiburied in
the hbise. |
B, GENERAL CONSTERATIONS -‘ | .
Our experience both with the NMR‘expe?iment‘énd the mdre'complex -
microwave'one in which the computer cqntgois directly the micfowave
speétrométer, was with a moderately 1arge’ceﬁtralized data aquisition.
system. A block diagramvof the system is. shown in Fig. L. -An élterné_.'
tive approaéh is for each experiment to form its own small inferactivéf

system. In its simpleéﬁ'form.each experimént would have an A/D converter.

and a digital tape unit or paper tape punch.' The(daté could then be

treated at a lateritime on a large computer. This approach has one
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stfiking_&dé&antage’ovei the large system;i it is easiiy ana quickiy
constrﬁcted and is simple'enough SO thét difficuiﬁies ﬁiﬁh hérdware are .
not likely to occur. There are, hOWeVér; a numbé?-of éonsideraﬁions
which, taken together, may make insteéd»a systemisimilgr_to:that of-the:
Berkéley Chemistfy Departmenf very attradtive; The first ig cost. Even'l
-a relafiVely slow loW—éést computer'is.CApable ofhhandliﬁg1a large numoer
of expériments simultaneously.' Ir each of‘these expérimenté were to have
‘separate coﬁverters‘the cost ﬁight beﬁgreater than for thgilﬁrge system; 
The second, as préviouslyvdiscﬁséed, is'thé capability of u;ihg the'cdf--f
puter as a controlling and noﬁ jﬁst a data vauiéifion device. Along |
ZWith its other édvga.ntages thié:_ aspect of_the large system may save
opérator time. There are other advaﬁtages'of the céntralized system. -
Computation maylbe done on.the data simulténeous with agquisiﬁion. In

a time—ave?agihg ekperiment,‘the}summed data may_be‘continuglly'displayed_
in some convenient form, aliowing the researcher to use onlj as much.
time as necessary to achiéve the desired.S/N. 'In‘conélusioﬁ we fee;
that when it is desired to d_igitizé.the‘dafa f’rorﬁ a large r';{ix'nber of ex-
periments for;purﬁéses of time aVeréging,Aéurve decomposition ete., &
_éentralizéd time;shared system mavae;lvbe'mofe aqvahtagéoué ﬁhaﬁ indivi-:

‘dual digitizing éystems,
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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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