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TEMPERATURE DEPENDENT GHEMICAL SHIFTS IN THE
NMR SPECTRA OF GASES!

L. Petrakis and C. H. Sederholm
Department of Cheﬁistry and Lawrence Radiation Laboratory

University of Calirornié, Perkeley 4, California

_ Abstract _ »

"It is found that the chemical shifts of various
gaseous compounds, using gaseous methane as a standard,
vary with temperature. The slopes of chemical shift
versus tempserature at 5000 are tabulated for several
compounids. This effect is ascribed to excitation of
vibrational modes of the molecules, the protbns in the
excited molecules being diffefehtly shielded than the |
‘protons in the molecules in the ground vibfatidnal states.
The data are interpreted to yield épproximatejchemical
shifts assoclated with the excitation of various types of

‘modes. NMR isotopic shifts are discussed on the basla of

. these data.

Introduction
Recently, Gutowsky®, Tiers®’%, and Saunders® have
reportedvaevergl examples of an NMR chemical shift §f
proton and flourine resonances resulting from an isotoplec
substitution in the vielnity of the nucleus under consider-
ation. In all cases thus far reported, the resonance of
the observed specles moves to higher field, that is to

greater magnetic shieldling, when an atom 1in the immediate



vicinity is replaced by a hoa#ier isotope.

It has been postulated® that this effect is thoAr@sult
of a éhange in the dynamlc state of the molecule; tho
incroased effective mass for the vibrations in which the
qsubstituted nucleus participates results in lower goro-point
energies‘fbr theso modes and thus in a change 1n the
average olectronic wave function. Moreover, the enharmonicity
of a CH afretching node, for éxampla, woﬁid make. the
zoro=point average CD distance in a_molecule :shorter
than the zeroepoint average GH'distance ih the isotopically
subétituted molecule,‘Such a shérténihg of the averﬁge bond
1engths mig ht oertdinly’brinq'ébéut elect#onic perturbations
observable several bonds awaye f

Gutowsky® has made & semiquentitative calculation of
the'chemical‘shift resulting from the change in tho zoro-
point energy of the bending vibration of tha.Cﬂévgfoup.

His calcﬁlaticn glves the proper diééction.fdr the ‘shifb
and an order of magnitude avreement. ‘ |

By measuring the chemical shift which accompanios the
thermal excitation of vibrational modes in various molecules,
we have attembted to experlmnntally 1nvestigate thls

xplanation of the isotope eerct.

The shifts under consideration are approximatolv ’
0.001 cpa/°0 in magnitvude” while the temperature donunonkt'

shifta due to solvent effects are usually orders of

»‘maﬂnitudo greater than thls. Therﬂfore, in order to avold

;such tcmporuqure dopondont solvcat effects tais inveuti-

" r¢tioq was done ontiroly on reﬁeovs “&mples.
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Experimental

Gasecous methane was used as a referonce because of
the sharpness of 1ts resonance, the large number of
'equivalent'hydrogené per molecule, the ease of‘sample
prepafation,.and because of its temperature independencee.
This latter poinF will be discussed later.

The results, tabulated in fable 1; wero obtalned
using a Varian 60 Mes spectroficter. The probe was
equipped with a home-made varlable temperature insert
which readily controlled the temperature of the sample
to * 2°C over the range 0°C - 100°C. Except for cyclo=-
butane®, tetraméihy1t1n7, énd'butadiyne7 the samplés were
prepared from commercially availeble sources. For each
substance a 5 mm thin-walled saaple tﬁbe was made
containing a mixture of the gaseocus sample and gaseous
methane, each ir possible at a partia1 §ressur6 of
approximately five atmosphéreé. The tubes were bbllapsed
aﬁ;a distance 5 cm from the bottbm so the entire gaséous
sample could be thermostated in the insert. The portion
of the tube above the collapsed section provided a means
‘_of gpinning the sample, which was found advantsrcous
ﬁo the resoclution even with geseous semples.

Thé separation betweon the signsls had to be.
nmoasured to an accuracy of a few hundreths of a cycle por
socond. Such accuracy can be obtained using the wizrmlceboal
method, but thils method is not applicable to zignals uhich
aro widely separated. Therefore, the following method wuny
used which regsults in a preclsion of approximately 0.02 c¢o:n

to 0.10 c¢pn depondlng upon the condition of tho ficld nud
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end instruwaent. Basically the method 1s the slde<band
toechnique with modifications, A Hewleﬁt Packard audio
oscillator, model 200J, was modified by plecing a gang
of three 5«25 » P farad condonsers in parailel with the
three varlable condensers in the tuning_section. Tho
osclllator, so modified, was stable to X 1 part in 10°,
and the freguency could be changed by inerements of 1 part
in 10%, By measuring the period of the signal thus
penerated with e Howlett Packard frequency counter, rather
vthan by m@asﬁring its frequency, the frequency of the
"slpgnal could bo rapidly obtained to botter than ono
one-thousendth of a cycle per'éecond. ‘

‘The frequency of the signel generator was edjustcd
so that one sideband of the methéne signal was close to,
but resolvable from the signal.due to the protons tho
shift of which was to be measured; ond the émplitude'of
the sidebend was adjusted so that the helghts of tho tﬁo
poaks wers eguals Then the sideﬁand freoguency ﬁas-adjustwd
so that the two péaks wore nearly superimposed. The
rosulting signal was recorded in both directiona of aucop,
along»wiéh”the poriod of thé audio'signaloiThe frequency
of the audio signal.ﬁasvch@néed by epproximately one or
two parts per 10° gnd the entire prbcesa was'repeat@d; In
this nenuer, & reéord was méde of & palr of'peaké as o
functlion of the audio frequencye. Looking at ﬁhim reccyd,
1t was quite easy to distinguish an envelope of theae petNGe

- The emplitudo of the signal inercased from the starting

d

point, went through a maximum, ond then docreaseds In this

¥

manneyr, the raodenm Tluctuations in the maznitude of the
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slegnal due to changes in the homogeneity of thoe fleld,
chanres iIn the scan rate, or nolse could be dlsrepardad.
'The audio sisnal correspondinz to the maximum of the
cnveloﬁe was solected as represcnting the geparation
between the methane and sample.resonances. Thls method
was used unless the signals were vofy clogse together,
approximately 5 eps, in which cése it was assumed that
the scan rete was linear with time over this time intcrval,
and the separations were measured graﬁhicmlly,ﬁsing a
sldeband near the peak to be measuréd. In all caées, five
or six independent measurements wore made. In a typical
case, the root mean square deviation of th@ée individual
moasurements was 0.06 cps end the most probable errcr wos
0.02 opse.

' The chemical shifts from methane of eleven compounds
were measured as a function of t anperature. Uauélly, fivo
mémsurements wore made in the teuperature range 25”0 to
100°C. To within the experimental accuracy, these points
fell nearly on a straight line for each compound. The
slopes of these lines at 50°C are tabulated in Teble 1.
No attompt was made to estimsbte the éurvature of the Linen,
but in-several casecs 1t was avparent that the absolutoe

value of the slope was increasing with Increasing teapexolvuo.



Table 1.

by

Temperature Dopendence of Chomleal Shifts

from Hethano.

d(vodrszethane) (cvm/"C)

. Vo J' melblans :--{)4.)0 ((:ﬁ’ a )

Coupound IR
CHg 0O, fo. 0.
HB 0.,0000 ¥ 0,0005 -260.5
Colg ~ 0.0000 % 0.0005 - Lhe?
CsHg -0,0080 ¥ 0.0027 - 3.9
0, -0.0071 + 0,0009 -113.9
Gy -0.0035  0.0009 - 8649
C(Cil;) 4 «0,0061 I 0.0014 - 149.2
| 81(CHs)s  =0.0125 ¥ 0.0015 - 8.
én(CHs)gv -0.0102 t 0.0025 - 5.9
céﬁm -0.0087 ¥ o0.001} - 80.1
»CH5CCCH3 -0.0047 ¥ 0.0008 - 8747
CxHa +0,0038 * 0,0015 «31046
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Discussion

The chemlcal shift of HBr 1s 228 c¢ps from HC1 and .
260 cpos from CHe at 60 Mea®. It has been suggested by
Pople et. a1.8 that this large chemical shift must be
due to a large extent to the operation of the nelghbore
enlsotropy effect. On thig basls it seems very unlikely
that the chemlcal shift of the upper vibrational_étato
from the ground stéte in HBr éhoﬁld.bé more fhan 100 cps.
Let A be defined as the chemical shift_éf ths upper
vibrational state from the ground vibrational statee
Assuming |A(EBr)| ¢ 100 c¢ps and remembering that the
vibrational frequency of HBr is 2390 cm'l, one readlly
calculates that |dv/dT| for HBr is less than 0.0001 ops/°C
where v is the resonanée frequency at 14,092 gauss. Throupshe-
out this discussion we assume in addition that infthev
gaseous phase there are only free, unassociated molecules,
and therefore, no 6ther effect causes a dv/dT of comparablo
magnitude. |

The 1line width 6f the signal from HBr ls several Cps e
For this reason measurements made using 1t as a stendsrd
are somevwhat difficult. Therefore, methane was adopted as
a secondary standard. It is apparent frgm Table 1 that
methane 1s temperature independent with respect to HDr, mﬁd
is theréfore temperature independent on an ébsolute basis
to within our expérim@ntal accuracye.

The FMR resonance of most of the cowmpounds under
conslderation are indeed temperature depondeni. In general,
the vesonnnee ehifts to low fleld sz the bteaworaliyo Lo

inereancd.
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Let A, be the shift associatod with exciting the

i

h ibrationsl mode of a molecule, d° the shift from

1t
methane of the ground vibrational stéte,vvi the vibrational

frequency assoclated with the ith vibrational modo, v,

the spectrbmeter frequency, and £q the degeneracy of the

th modes We can theh write:

1
VQ{: - ' vod © *m% g0 -&lvi/kT)(Ai + vod °) ' (1)
v 1+ % ‘(hvi/l" ) '

where d 18 the chemical shift from methéne. When ail of

the vibrations with sizeable A's have v's greater than.

-1

200 em ~, and when we are in thé temperature range around

5o°c, this can be simplified tos

,"J =" vod® + § gyby0 - (2)
and
aved . 2 h KT o
'a'?ﬁ‘ - £ (k;&) '(mi/ ) (3)

That 18, thera is en additive contribution to dvod'/dT
from each of the various modes of vibration.- »

The questiop of_degenqracy 1s-somewhat-complibated by
the«fdliowihg‘consideratiqn;'Considef a'single'hydrogen
atbm vibrating:ééainst a carbon\ékeletbn. Thereé. 13 a A
assoclated with exciting this mode of vibration. Now
conslder two‘identicél hydrogen atoms attaéhed to the senme
carbon atomn. In order to achie#e‘the game observed chemical
shift of the two hydrogen nuclel, one would have to exciﬁe
both the symmebtric and antlsymmetric stretching modose The

A associated with either of Lhe e two modes would boe
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approximately one half of the A_associated with the
stretching mode of a single hydrosen atome Therefore,
if one hopes to assign a given A to a glven kind of
vibrational rmode, one must collect terms in the sum of
equation {3) which deal with a given kind of vibration,
eg CHs parallel deformations or CHp; deformations, and
conslder this set of terms és a single contributlone One
should then use an averege of the 1ndividual vibrational
frequencies, assign a degeneracy of one; and assing a_Aeff
to this aversge mode. In the case of a single group, Aeff
18 equal to the chemical shift brought ebout by excitin@‘
all 6f thé modes of one kind in that group. These Aeff'a
should not depend upon the symmetry of the molecule, but‘
only upon the type of motion invoived.

Over the temperature range studled 1t is Imposslible
to gain much information about Aeff for sny mode the

frequency of which is above'2000vcm'1

since these modes
aro always so lightly pbpulaﬁed,tbat the term in the sum
for dve d/dT associated with them is less than our |
exporimental error if ’Aeff‘ {130 cps. This scems
reasohable in that all organic compounds have‘resonant
frequencies in a range 6f abproximately 6604§pn af-éo HMese
Therefore, although exciﬁing such modeaAaa the CH
stretching mode 1s pfobabiy very effective in cavsing a
chemical shift, the effect is too small fo-bé measurable
in the teapoerature range undor conslderation.

lethane: The bending modes in methane are at 15256 c:m"'-1
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and 1306 cm'l.‘The temperaturevdependence_of‘the chemical
shift of methane 1s 0.0000 ¥ 0.0005 cps/°C. Since both of
these modes only 1nvolve‘changing H-C-H.bohd engles, one
would expect A . for these two modes to be of tho sane
sign. This 1imits the Aéff'for each of the bending modes
in methane to less than 10 c¢ps in absolute valua..

f Ethanes Again,'the'temperature dependcence of the
chemicel shift 1n ethane is 0.0000 } 0.0005'cp3/°0. This
may come about as an accidental, exacf cancellation of
twdﬁor more ﬁemperaturé dependeht terms of opposite sign,
but this seems bighly unlikely;.pafticularly since a
coné;etent plcture canvpe presented by assuming all Aeff
are negative except for modes 1n§ol§1ng deiocalizayion-of
multiple bonds. It is therefore assumed that for ethane the
individual ﬁerhs in’the sum of equation (3)*do not cancel
each other, but in fact are individually zero to within
our experimental error. One then is led to the following
1;mm_ on the absolute value of b gp £oF the varioﬁs‘
vlbr@tidns in ethane::fAeff[ for CHj pérpendioular
deformation ié iess than 17 épajifdr the CHs parallel -
deformatién, ;tvis'less.than 13 cps; for the CHs wag, |
it is less thaﬁ,3 cpsj end for the C-C stretch, it is
1eg%;than_3 Cﬁs. o o

In G#towsky‘s semiQuahtitative calculation® of the
-cbntribution bf the H-C-H bends, é Aeff is predicted for
these modes of-appfoximately 1l cpse Using this calculated

order of magnitude, it must now be assumed, only, that the
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contribution to the chemlcal shift due to the Ci; wagping
modos does not exactly cencel oult the contrlbution frem
the C-C stretching mode. One would expect these two modes
to result in quite differcnt orders of marnitude. Theroforc,_
this assumptlion seems very reasonable.

Cyclic compounds: In this series of compounds the
temperature depsndence of the chemlcal shift becomes
smaller as the slze of the ring 1s increaseds This
immediately implies‘fhat thé low lying ring deformation
modes have vory small byrp's elnce the larger the ring,
the lower the ring mode frequencies become. By comparison
with the bending modes in mothane.and ethane, and with_the
predictions of Gutowskj's cal'culationa :it seens‘uhreasonable
that the abaolute value of A off for the CHa deformationa |
should be greater than 10 cps. This would result in a
" negligible contribution to dvod’/dT. In comparison with
ethane esain, jA fflfor the C=C stretchiny modes is probably
lesm than 3 cps which also gives a negligible contribution
to-dvocf/QT; One must therefore look to the CHg bending
modes for the-cauée'Of the temperature dependent"éhemiéal
ahift. In Table 2 are tabulated the avernscs of thegse modes

for the three compoundss



Tabla 2; Average Infrared Vibrational-Frequéncies for

'CHQ Bending Modes in Cyclic Hydrocarbons.

'Mode. | Cyclopropane Cyclobutane - Cyclopenﬁane
- . -1 ul . . S -1
CHg rock 1000 om 1050 cm 1055 cm

CHp weg . 1050 ’ 1250 - 1250

CHp twist 870 1080 1100
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It can be seen that the CH, bending modes are the
lowest in frequency in the cyclopropane and are the highest
;n cyclopentenes Thus 1f these modes all had the same
magnitﬁde of Aéff'associated with them, this would result
{n the proper trend of temperéture‘depehdence of chemiceal
éhifta with ring size. If one assumes that the Aeff's for
the three modes in a given compbund‘are equal one calculates
Aeff = wlll, =16, =9 cps for eyclopropane, cyclobutane,‘and
cyclopentane respedtively. While the experimental agreement
i3 not good, 1t At least makes oné believe that these ere
the modes which are mainly responsible for the ﬁemperature
dependence, and that Aerf = «13 cps 18 of the proper order
of magnitude for these mpdeayllndeed, 1t 1s not surprising
that A pp Veries a gzood deal within this series due to the
change in electronic configurétion in the CH.bonds due to
ring strain. |

Tetrahedral compoundal Again by compariaon with ethano
one would expect the.CHs perpendioular ‘and parallel |
deformations, the CHa wags, and the skeletal Btratching
modes to contribute a negligible amount to dvoJT/dT.

The torsional modes«are 80 low-in frequency that they must
1nv01Ve very emall: channes in the electronic atructure¢
Thererore, their contribution to dv¢¢f73T 1s expected to be
very smallé This is in agreement with the observation for
the_low-iying'rihg modes in thé cyoclic compoundse

The”temperature'dependeﬁ% shift must therefore’cdme
about as a reeult of the skeletal bending modes. Making thig

aasignnent, one calculates for the skeletal bending modes
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.'Aeff = -0.6, -i.l, -l.i cpc_for;tctramcthylﬁcthaoe,T
tetranethylsilane, and tetrémthyltin‘resﬁec‘tix}eiy;

The near equality of these three vdlues 18 reassuring

_ considering the differences betweon the three moleculoa.v

~ Hultiple bonded compoundsz In acotylone both the CH
stretch end the c=C stretch are 80 high in frequency that
even 1f A of f = 100 cps for these modes, the obsorved )
temperature dependence would be ncpligiblc. The only modos
lcft are the CH bending modes and- these must account for |
«040083 cps/°C. This implies that AGfr ‘for these bonding
modea 1s -17 cps which is quite hiph compared to the
b,bcnding modoc in the CHa group. and 1s even quite high

| comparod to the bending modcs.in‘the.CHa group. This

1s ofobcbly.duc to. the proxihity of the m eloctronc in
thejtriplo bond..These elcctronc will be responsible for

_ ‘tha proton‘s.beion less chicldod vhen 1t 1s off the figurc
8

axis of thc molecule than when 1t is on”, Thcreforc,
cxoiting the CH bondin~ modes will cause the protons to
spend a groater fraction of their timo off the figure
axis, thus noving thcir regonance downfield. in excesc
of the shifts obscrvcd in the othor CH bending modcc
citod aboves | 4 | . | _

In dimethylacctylono, azain assucinv that fhc CHa
defonnaticn modes, the Cig rockinc modes, and ths C-C
stretchling medes contribute only a very anall ~smount &s in
ethene, one rmst assign A ff(chcletal modes) = o2 CDPSe
This seemq,a_rafhc“ large effect compared to othor shifts

calculatod for skeletal modes such as tlc C-C ctrctch.



Howevor, when one considaers that sgain bénding the
moleecule Interfores wlth the w olectrons, onoe can
belliove that‘uoa c@a is noﬁ too large aAAefr for the
vskoletal bendn. | ‘

In othylenoe, a posltlive shift 13 obssrved-with
 1ncreasing témﬁeratura; One can make a good estinatc
- of the A ,.'s for the Clg modes from the cyclic
compoundss Agaln, the freqﬁéncy of the CH ebretches end
‘the G#C atretch aré'too high to éhowtup as a temperatufo
‘varlatlon of the chemicsl shifts The CHg rocks and wags
.should‘haVG'Aeff's‘of about 20 cps taking into account
the m electronss All of these contributions combine to
givé-é'dvod'/dT of approximuﬁely «040070 cps/°Ce Tho
| experimentally observed dvod”/dT.of'+QaOO38 eps/°C |
verioes from this by O.QIOchpe/°Co This large upfleld
shift must result from the twisting mode aboéut the double

bonds As this mode 1is activated, the double bond character

of the bond should be decroiced ond the electron density
invﬁhe‘vicihity of ﬁhe'protonﬂ should be increased ceusing
‘an upfleld shift es observeds This interprotation 1s of
‘eourse makingbthe naive aaSumthon’that greaﬁef~electron
donsity”provides:greatcr shlelding which 18 not precisely
trues On the basis of the above calculations A e, for

this twisting mode in ethylene is + 36 cps.
Conclusions

Fxelting a vibrational mede in a rmolecule doss in
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general cauge & chclwcal shift of protons which are in
- the vicinity of the excited modes . CHs; and CHQ deformation
modes scen to have small'Aeff’s_while Cilz rocka, wagzs, and

~ Tor

tulsts have A pp's of wpproxlmately =13 cps.‘Aefl

skeletal bendingz modes in compounds like tetranothyluotliane
afe aﬁproximately -i cpss 8, .0 for CH bends in a compound
with ﬁhe structure =C-H is_increaséd to about -17vcps, 
primarfly due to thé anisotropic suseptibllity of the
7 bond. In atructures where the proton under consiooratlon
is directly sttached to a doubleobonded carbon aton, uhon
modes whlch decrease the double bond character are
excited,:this_resulta in aﬁlincfeased shielding et the
_protén..In the case ofvéthyléné,‘Aéfr for the twiéting
" mode seems to be about +36 cps. o |
 ”v”It\is~eviden£ fhat‘éinge“exciﬁing vibretional modes
c¢an bring about chemicél ahifts orffroﬁ 0 to ho'cps,
1sotopic substitﬁtiénAcanfbring about sufficlent‘change in
zero-point vibrations to cause a chemical shift of the
observed magnitude. It is to be noted that channinw the
dynamic state of modes other than hydrogen;bending modes
caﬁ result in substantial chenical shifts of ﬁhe‘protons;
. &nd therefore one can not hope to explain isotopic
-shifts bﬁ.consideringvthe,changem‘bbought.about»in'only

the bending modes.
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