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SUMMARY

Aromatic ketones and a nitroso compound, providing the oxygen donor atom
for hydrogen bonding, have been studied. The energies of the spectroscopic solvent
shifts of the donor molecules have been correlated with gas-liquid chromatographic
retention index data when the donor molecules are used as the stationary phases.
Linear relationships for both hydrogen bonding and non hydrogen bonding solvents
have been established and hydrogen bonding energies for several systems are tabu-
lated. The significance of the solute-solvent interactions between the ketones studied
and chloroparaffins, alcohols and amines is discussed.

INTRODUCTION

That hydrogen bonding, when it occurs, is an important factor in retention in
gas-liquid chromatography, is an accepted fact. The hydrogen bonding effect has
been discussed by AMBROSE AND AMBROSE?!, PURNELL? and DAL NOGARE AXD JUVETS
in general terms and compared with EwWELL ef al.’s? classification scheme for hydrogen
bonding in fractional distillation. Any study in solvent selectivity is made complex
by the various forces which have to be considered, 7.e. (a) dispersion forces which
operate in all systems at all times, (b) orientation forces arising {rom the interaction
of permanent dipoles, of which hydrogen bonding is an extreme case and (c) in-
duction forces caused by the polarization of normally non-polar molecules when they
are subjected to the field of a molecule having a permanent dipole. Solute-solvent
systems showing a high degree of attraction, for instance ketone-alcohol systems,
will demonstrate negative deviations from Raoult’s Law — the solute being well
retained by the solvent which can then be said to show high selectivity for the solute.

The KovATsd retention index (I) is a parameter which can be used to study
the extent of solute-solvent interactions in gas-liquid chromatography, RoOHR-
SCHNEIDER® having used the index increment (A7) to describe the polarity of various
stationary phases with respect to squalane. For'a given solute, the index increment,
Tgtationary phase — Jsqualane, 18 @ measure of the solute—solvent interaction in terms of
the orientation and induction forces described above. The quantitative interpretation
of experimental results however, is virtually impossible at the present. Useful work
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to overcome the difficulties has been carried out by SCHOMBURG? by the use of ‘“homo-
morphic factors” and by DiMov AND SHorov® using theoretical indices based on
physical data such as molecular weight, Vipour pressure and density. RoBINSON
AND ODELL? have proposed a Standard Retention Indéx calculated from boiling point
data and TAKAcs AND SziTAl? have developed an approximation method by which the
retention index of a substance may be determined on the basis of its molecular
structure.

However, one field from which a large amount of solute-solvent interaction
data is available does not appear to have been studied in correlation with retention
data. This is the UV spectroscopic behaviour of dilute solutions. In 1930 Burawoy!!
observed that the n—7* transition of a carbonyl compound moved to shorter wave-
length as the solvent polarity increased, this increased amount of energy being
associated with hydrogen bonding in hydroxylic solvents. BREALEY AND KAsHAl2
have correlated blue shifts of the 72— z* band with hydrogen bond strengths, finding
for benzophenone a blue shift of 1170 cm~! between the two solvents hexane and
ethyl alcohol. This shift they attribute to the hydrogen bond energy in the electronic
ground state; non hydrogen bonding solvents giving blue shifts they attribute to
preferential orientation of solvent molecules about benzophenone.

1T0 ¢t al.13® have studied ketone solutes with a wide range of solvents and con-
cludes that the solvent induced blue shift in ketones is contributed to mainly by
stabilization energy in the ground state, the magnitude of the shift representing
stabilization energy in the ground state of the solute arising from its electrostatic
and hydrogen bonding interactions with solvent molecules, BREALEY AND KAsHA!?
obtained a value of 2.6 kcal/mole for the benzophenone-ethyl alcohol system by
measurement of the blue shift and a value of 2.2 kcal/mole from IR data. LASCOMBE
AND JosiEN! have measured the hydrogen bonding energy in the acetophenone-
chloroform system by IR and KiLpef al.15 have obtained a value for the benzophenone-
chloroform system using dielectric data.

As the solvent shift is concerned with stabilization of the electronic ground
state it should be possible to establish a relationship, for a particular solute-solvent
system, between the spectroscopic shift of the »—7* band on changing the solvent
from hexane, and the retention increment, 47, on changing the stationary phase
from squalane. For example taking benzophenone, the energy of hydrogen bonding
between benzophenone and ethyl alcohol may be obtained from the difference
between spectra of benzophenone in ethyl alcohol and in hexane. Using a stationary
phase of benzophenone (liquid), the retention index of ethyl alcohol can be determined.
The value of 7 for ethyl alcohol on a squalane column under identical conditions of
temperature and gas flow may also be determined and 47 for the system benzophenone-
ethyl alcohol calculated. Using a series of solvents and species containing donor
atoms (ketones), the relationship between A7 and the spectroscopic shifts may then
be examined. It is the result of this examination which is discussed in this paper.

EXPERIMENTAL
Donor compounds
Acetophenone, benzophenone, benzil, N-nitrosomethylaniline were used a

donor compounds.
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Solvents

The following solvents were wsed: bemzeme, dietlhyl ether, dichloromethamne:,
chloroform, carbon tetrachloride, diethylamimne, #md.~buotylamime, ethyl alcolol,
methyl alcohel.

All UV spectra were recorded on a Pye Umicam SPSoo» dowble-beam spectro-
photometer using © cm silica wells. A holminm filter, givimg a sharp pealk at 27,710
cm~1, was used to calibrate tlre imstruumentt.

Chromategraphic data were obtained nsing a Pwye 10y series gas clhmomatograpiy
with flame ionization detector. Retention times weme measmred dimectlly by stopwatcly,
corrected retention times were caloufated from wm-paraffim pealks by the method of
PETERSON AND Hirscr.

Columns

A copper tubing (154 am X ©.6 an Q.D.) was padked wiitl 10:%, wjw stationary
phase on silylated Celite. For comditions of tixe colummm see Talbie I..

All solvents were chromatographed with the appropriate two »-paraffins,,
selected from the ramge m-hexame to m-momame. Tive sammple size was T .. Retemtiomn
indices were calculated from formula:

log 1, — log tp,

1 = 1:00- ,
log #ips+1y — loOg tp.

4+ 100,

TABLE I
OPERATING CONDITIONS OF THE OOLUMNS THED

Column Operating N gp. oo Nttmoygem fflovan
dempoervateve  Shationany (Oandlffmmadioms))
(C) WPhase (C)
Acetophenone 50 26 120
Benzophenone 5O 48 | JXT)
Benzil 100 0% )
N-Nitrosomethylaniline H5O ny.% 0.2
Squalane Ho /100 — 020 Fo
DISCUSSION

Table I lists the energy chamges associathed witlh the biwe: sthiffts together witl
retention indices and index imcrements fior eadh solute-wolvemt system esamimed.
Fig. 1 shows the relationship between emengy of imteractiom amd imdes imcrement
for each stationary phase and @ linear melatiomship is apparent jim these graphs. It was:
unfortunate that the blue shift could mot e measumed fior the acetophemome—alcolol
and N-nitroesomethylaniline—alcohol systems as tihis mecessitated basimg tihe hydrogem
bonding curves on only two points, the origim and the co-ordimates for clhloroform im
each case. The justification for this, howewer, is seem wpom exscumimation of tihe bemzo-
phenone, Fig. 1 (b) and bemazil, Fig. 1 () systoms wihene limear melatiomsihips are
established for chloroform, ethyl amd methyl alaolpoills.

The lower curve, in eadh «case, is «oomstmuctted fimomm duttar om mom-lhywdirogem
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bonding compounds, ether, carbon tetrachloride, and can be seen to have a slope ©f
0.5 X 10-2 kcal.mole-! for benzophenone, benzil and N-nitrosomethylaniline, :and
0.4 X 10-2 kcal.mole! for acetophenone. This curve then, represents the London
or dispersion forces of attraction between solute and solvent, describing how the
retention index increment increases as dispersion force energy increases.

The upper curves in Fig. 1, particularly those in Figs. 1 (b) and 1 (c) which are
each constructed through four points describe the increase in retention index in-
crement due to total solute-solvent energy of interaction, this curve including contri-
butions from induction, orientation and dispersion forces. However, as benzene is
found on the lower curve in all cases, it must be concluded that the induction force
resulting from the permanent dipole of the carbonyl or nitroso compound :and the

(a) Acetophenone

AE keal [ mole
n

-

(b) Benzophenone

AE keal / mole
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Fitg. r.. Reluttiomstipp between gas chromatographic retention index increment and energy associat-
wdl witlh sypectnoscopic shifft ot 1w — 2% band.

imduced dipolle im bemzeme is: either very small or that the lower curve in fact re-
presemts the sum of imdwctiom amd dispersion forces. The difference between the two
curves om tlhe emergy scale at a particular value of A7 should then represent the
omiemttattiiom forces actimg: im the systemn whiclh, in the case of the compounds studied,
shhould amommt to hydrogem bonding. As a test of this, consider the benzophenone-
ety allcoholl system. At A2 of 261, the total energy of interaction is 3.56 kcal.mole—!
wihillst e electmostatic emergy- (dispersion, induction) is found, from the lower curve,
to e 131 keal-imole—?. The difference gives a hydrogen bonding energy of 2.25
kool ~-mmolet wihiclh may be: compared with BREALEY AND KasHA's!2 value of 2.6
Tl - motle derived firomy UV data by using a “corrected blue shift”’, and the more
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reliable IR value of 2.2 kcal.mole—!. Index increments for benzene are of interest in
that the values for acetophenone and benzophenone are 170 and 175, respectively
whilst a much higher value of 270 is obtained for the benzil-benzene system. This
would seem to indicate a steric effect involving orientation of two ortho hydrogens of
the benzene ring towards the two donor oxygens of the 1,2-diketone. This would
explain the increased 47 in terms of spatial geometry only if benzil was a planar
molecule. JAFFE AND ORCHIN? however, have pointed out that each carbonyl group
is strongly conjugated to and coplanar with its phenyl group; with the minimum
conjugation between the two carbonyls, evidence suggests that the two groups are
twisted with respect to each other to the extent of go°, benzil having a skew structure.
If this is so, the high value of A for the benzil-benzene system cannot be explained
on steric grounds. An intermediate value of 214 for A7 is found in the N-nitroso-
methylaniline-benzene system. Of the nine solvents examined it is found that the
largest increments occur on N-nitrosomethylaniline for six of these; benzene is
anomalous with its high incremental value on benzil, the two amines having their
highest increments on acetophenone. In the cases of the amines, the effect is probably
steric, the small methyl group of acetophenone allowing closer approach of the N-H
active hydrogen to the donor oxygen. BAYER?!® has described gas chromatographic
separations of trimethylamine and dimethylamine on a polyethylene oxide stationary
phase and attributes these to hydrogen bonding by the secondary amine to the poly-
ethylene oxide acceptor. No evidence of hydrogen bonding was found here for amines
with acetophenone or benzophenone although this would be considered likely. On the
benzil stationary phase however, the two amines are found to lie on the upper (hy-
drogen bonding) curve Fig. r (c) whilst on N-nitrosomethylaniline they occupy an
intermediate position. On this phase, Fig. 1 (d), the two amines and dichloromethane
Lie on a straight line through the origin, a line with a slope of 0.83 X 10-2 kcal-mole-2.
It may be suggested that this is the upper hydrogen bonding curve with the chloro-
form co-ordinates in error, so experimental data for chloroform were checked and the
results agreed with those previously obtained. However, the position of the upper
curve in the N-nitrosomethylaniline system must be open to question until further
experimental evidence is available.

Accepting the upper curves for acetophenone and N-nitrosomethylaniline as
presented, it is possible to calculate the hydrogen bonding energies associated with
the two compounds in methyl and ethyl alcohol. The values for acetophenone are
2.03 and 1.97 and for N-nitrosomethylaniline are 2.32 and 2.29 kcal- mole~? for methyl
alcohol and ethyl alcohol, respectively. In addition, from the total energies at the
index increments of the alcohols it is possible to determine the frequencies of the
n—-=x* maxima although these values are not determinable spectroscopically due to
submerging of the band. By extrapolation of the curves these band maxima are found
to be: acetophenone-methyl alcohol 32,358 cm-!, acetophenone-ethyl alcohol
32,327 cm~1, N-nitrosomethylaniline~-methyl alcohol 27,780 cm~-!, and N-nitroso-
methylaniline-ethyl alcohol 27,750 cm~!. Table III shows the hydrogen bonding
energies of the four donors with the hydrogen bonding solvents measured. The
calculated value for total energy of interaction between N-nitrosomethylaniline—ethyl
alcohol is found to be 3.42 kcal-mole-1. This figure may be compared with a value of

3-44 kcal.mole-? for the N-nitrosodimethylamine—ethyl alcohol system derived from
spectroscopic data'?. -
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TABLE III

CALCULATED HYDROGEY BONDING ENERGIES FOR OXY¥GEN DONOR—HYDROGEN BONDING SOLVENT
SYTSTENLS

Soluemd H-Bowd emevgy (el -nrole—r)
Aeetopliemome: Benzoplienone Benzil N-Nitroso-
methvianiline

Chilormofiorm 1.%5 1.96 I.1o .78
Dietihytammime: —_— — 0.8z 0.50
tentt.~ Battykamnime — — 0.83 0.57
Ethyl alcohol 1.Q7% 2.25 .28 2.29%
Meethyl alcolxol 203 2.50 1.63 2.328

o Fetimmated walues.

The results obtamed for aliphatic chloro hydrocarbons present a further
problem. Whilst the mom hydrogem bondimg carbon tetrachloride behaves ideally and,
wherne statiomary phase—alcohol spectra could be interpreted, chloroform was found
to lie om the upper curve, dichloromethane takes wp an intermediate position for all
phases, only approaching the hydrogem bonding carve for benzil. It must therefore be
assumed that some factor mot apparent from spectroscopic evidence is causing di-
chloromethane to be retaimed om the columm for a longer period than can be ex-
plained. Studies om am extemsive ramge of haloparaffins are necessary before this
behaviour may be imterpreted. From the differences between upper and lower curves
the following values of the hydrogem bondimg energy for chloroform are obtained,
acetophenone 1.85, bemzophemome .96, bemzil r.x0 and N-nitrosomethylaniline
1.78 Lkcal-molel. Agaim, if bemzil has the skew structure suggested by JAFFE AND
OrcmEHIN' it is difficult to explain the low value obtained; a value approaching the
1935 kcal-mole? for bemzophemome would be expected. If benzil were planar however,
steric hindramce could tosome estent accounmt for the low value obtained. The final
colummn in Table IT shows the variatiom of retentiom index with temperature for the
mine solvents om the squalame colwmm and it can be seen that this temperature co-
efficiemt could be the basis for a broad classification. Haloparaffins give a negative
slope, amines and ethers a small positive slope and alcohols and aromatic hydro-
carbomns a lange positive slope.

Some attempt has beem made here to quantify the very complex solute-solvent
imteractions in gas-liquid chromatography. Obviously a large number of experimental
observations are required on relatively simple hydrogen bonding systems in order to
advance the underlyving theory further.

REFERENCES

g . AvpresE axop B. A. AvwrosE, Gas Chromatograpliy, George Newnes, London, 1961, p. 132.
H. Porseir, Gas Chromatogyaphy, Johm Wiley, New York, 1962, p. 336.

S. Dar Nocare asxo R. §. Jover, Gas: Clhromateograpliy, Interscience, New York, 1962, p. 107.

R. N. Ewerr, J. M. Harmisox s L. Bere, Ied. Eng. Cliem., 36 (19.44) 871,

E. Kovirs, Helw. Chim.. Adeta, 4 (1) (3953) 1915.

L. RONRSCHSEIDER, [. Chiowmatogy., 17 (1965) 3.

G. ScHONBURG, [.. Clromatogr.,, 23 (1966) 15 J. Cliromatogr., 23 (1966) 8.

3 N. Drivoy asmp D, Smoronw, J. Chromvatogy., 44 (1969) 170

) G e

&

J. Chmonnatiogy..,, ©3 (197I) 240~257



INVESTIGATION INTO HYDROGEN BONDING IN GLC

9 P. G. RoBiNsoN aND A. L. Operr, - Chromalogr., 57 (1971) 1-

10 J. TaxAcs axD C. SziTaA, j. Chromaitogr., 56 (2971) I-

11 A. Burawovy, Chem. Ber., 63 (1930) 3153

12 G. J. BREALEY AND M. Kasua, J. Amer. Chem. Soc., 77 (1955) 44062-

13 M. ITo, K. INUzZUKA aND S. ImaNisut, J. Amer. Chem. Soc., 82 (zo60) 1317.

14 J. LascoMBE AND M. L. JosieEXN, Proc. Int. Meel. Mol. Spectrosc. (Bologna), 2 (2959) Sge.
15 H. KiLp, S. K. Garc axND C. P. SyvyTs, J. Chem. Phys., 45 (8) (190066) 2799.

16 M. L. PETERsON AND J. Hirsca, J. Lipid Res., 1 (1959) 32-

17 H. H. JAFFE AND M. OrcHiN, Theory and Applications of Ultraviolel Spectroscopy, John Willew,
New York, 1962, p. 420.

18 I=. BAYER, Gas Chromatography, Elsevier, Amsterdam, 1961, p- 115

19 H. H. JAFFE AND M. OrcHIN, Theory and A pplications of Ullraviolet Spectroscopy, John Wiikey:,
New York, 1962, p- 188.

J- Chromatogry., H3 (1971) 249—-257



