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SUMMARY

The Rps values of phenol and 19 methylated phenols on thin layers of cellulose
impregnated with formamide, N-methylformamide or N,N-dimethylformamide are
shown to be linearly related to the log of the concentration of the amide in the
slurrying medium used in the preparation of the layers. The deviations from- the
Rpr theory occurring at low and high amide concentrations are ehplamed

INTRODUCTION

The basic theories used in studymg the relationship between molecular structure
and chromatographic behaviour in open column techniques are those based on the
earlier works of CONSDEN, GORDON AND MARTIN!, MARTIN? and BATE SMITH AND

WESTALL3, -
CONSDEN, GORDON AND MARTIN1 related the Rj r value of a compound obtamed

from paper partition chromatography to the partition coefficient, a, of the compound
between the phases used in the system by the equation:
A | ‘ : | |
| s ( 7~ ) | | , (x)
where A M/A sis the ratlo of the thicknesses of the mobile phase and statlonary phase.
Assuming the term Aps/A s to be a constant for a given chromatogram BATE-
SMITH AND WESTALL“ proposed a new function, Ryr, whence :

This latter express:on was used by them to test the additivity principle of chromato-
‘graphic behaviour proposed by MARTIN" They found the theory to be reasonab]y.
- confirmed. : e T o e :
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Since their work, several workerst—8 have tested the MARTIN relationship.
Some?-% have proved its validity, others?® have not. The apparent breakdown of
the MARTIN theory can be traced to the failure by the investigators?® to accept the
limitations to the theory put forward by MARTIN? and BATE-SMITH AND WESTALLS,
The pi'esent situation concerning the validity of the Rps theory has been reviewed
by Busa?, who found it “to be in accord with subsequent more sophisticated theories
of the physical chemistry of solubility properties and of partition coefficients”.

However, one of the major reasons for questioning the validity of eqns. (1) and
(2), and hence their usefulness in studying structural problems by chromatographic
methods, lies in the possible variation of the A57/A4 s ratio on the chromatogram0-13,
Only if this ratio can be maintained constant is a study of the accuracy of eqns. (1)
and (2) meaningful.

In reversed phase systems on paper, GREEN AND MARCINKIEWICZ!4, have shown
that the 4 s value can be maintained constant by care in the method of impregnating
the layers. In the reversed phase thin-layer chromatography of metal ions on layers
of cellulose impregnated with tri-z-butyl phosphate (TBP) DuNncaN5 has shown that
by incorporating the TBP into the cellulose during the slurrying process, there is
little concentration gradient of the stationary phase over the chromatoplate.

Here we report an attempt to prove the validity of eqns. (1) and (2) using the
reversed phase thin-layer chromatography of methylated phenols on layers of cellu-~
lose impregnated with different amides using hexane as the mobile phase.

We have previously shown the system formamide/hexane to be of use in the

thm-layer chromatography of phenolsl"

EXPERIMENTAL

The eluent system
Hexane (BDH Reagent Grade) was purified as previously described18. Before

its use as the eluent, the hexane was saturated with the appropriate amide.

I'mpregnants . ,

Reagent grade formamide, N-methylformamide (MMF) and N,N-dimethyl-
formamide (DMF) were further purlﬁed by passmg them through a short column
of activated alumina.

- Solutions of these amldes (0.5, 1.0, 2.0, 3 0, 4.0, 5.0, and 6.0 M) in acetone

were prepared.
Cellulose (x5 g of MN 300 HR grade) was slurried with the amide solutlon

(65 ml) to give a homogeneous slurry. This slurry was used to coat glass plates to
give applied layers of 0.3 mm. The plates were allowed to dry for 15 min to allow
the acetone to evaporate. They were then stored in an atmosphere of the impregnant

until required.
The rapid and s1mu1taneous application of the phenols (1 ul of 0.259% solutions

in cyclohexane), the elution of the chromatograms and the 1dent1ﬁcat1on of the
phenols were carried out as previously described?S. :

RESULTS |
The results quoted in Tables I—III are the mean of at least 5 runs on layers
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carrying 2,6-dimethylphenol as an internal standard. In each system over 500 Rp
values for this standard were determined. The actual Ry values of the standard did
not differ from the mean value by more than 4+-0.01 Ry unit in any of the systems
described.

For the systems formamide and N-methylformamide, no difficulty was experi-
enced in obtaining reproducible Ry values. In the case of N,N-dimethylformamide,
however, it was noticed that if the prepared plates were exposed to the laboratory
atmosphere, the Rr values increased with the length of time of standing exposure.
It may be seen from the tables that higher Rp values are associated with lower
degrees of impregnation of the layers. It was therefore concluded that under such
conditions, evaporatlon caused substantial loss of N,N-dimethylformamide, which
boils approx1mately 30° below the other two amides. However, when the plates were
stored in a vessel containing a little DMF, reproducible Rp values were obtained.
Subsequently, in order to make direct comparison between the results obtained from
the different layers, the prepared plates were stored in the appropriate amide environ-
ment.

The values for individual phenols were also reproducible to within +0.01 Rp
units of the mean value quoted.

DISCUSSION

The composition of the phases

Amides were chosen as the stationary phases because evidence is available from
infra-red spectroscopy?18 to show the proton acceptor property of the carbonyl
group towards the phenolic hydrogen atom.

Hexane was chosen as the mobile phase because we have previously shown
that this removes the phenols from the stationary phase by means of solvation of
the hydrophobic part of the molecule!®. Thus interactions between the mobile phase
and the solute functional group, and between the mobile phase and the substrate
are at a minimum. These last two limitations are necessary in a system where the
validity of the Rjs theory is being studied as a result of var1at10ns in the A s value.

The effect of the amide loading

Since all experimental parameters other than the concentration of the amide
in the slurrying solvent are kept constant, the decrease in the Ry values of the
phenols with the increase in the amide concentrations must be regarded as caused
by the alteration (z.c. increase) in the degree of impregnation of the cellulose support
This is to be expected from eqn. (1).

Suitable rearrangement of eqns. (1) and (2) gives: :

Rpr = log a — log Ay + log A s (3)
From this equation, it may be seen that a linear relationship between Rjs and the
logarithm of the amide concentration should obtain, provided the cross-sectional area
of the mobile phase does not alter (the partltlon coefficient is by definition independent
of the volumes of the phases used). o

Fig. 1 shows plots of Rar values US. concentratmn of the am1de (log scale) in
the slurrying solution. It can be seen that while these are linear over the bulk of the
range of concentration studied, deviations occur at low loadings and at high loadings.

J. Chrvomatog., 33 (1968) 107-117



Y
-
<
A
-
)
m -
A z090— ogo gtgo— zgo oglo— Ego 60— o060 ¥6r'1i— V6o : 00’1 a0'I Aypawreyua J-9'Sv't‘'c oz
w €ho— €Lo SSho— V¥lo €LSo— 6L0 gElo— C¥go S€6'0— o600 V61— V60 Tlri— SO0 ’ [Aypowenag-g'¢€'z 61
S oif'o— zlo otvo— zlo oofo— 9lo zego— ogo Lzgo— Lgo Voo'i— 160 Igo't— 260 [Kowrenaf-9v€c gL
- le€o+ zfo Lz€o+ z€0 €1zo+ gfo goot gbo 9lro— ogo Lz€o— ggo zEFo— Elo [Ayowernay-Sveec Li
m ¥S6'0+ oro ozgo+ 110 gogo+ S€ro 6ggot+ Lio 1080+ bzo €izo+ gfo Szoo+ gho . v_mﬁoﬁﬂ.ﬁ.m.v.m 91
n Igoo— SCo Soro— 9fo oSzo— V9o SSto— VLo zogo— ogo gglo— ogo Lobo— Ggo Ayppurg-9c St
M Livo+ Czo oSto+ 9zo ghEo+ 1f€0 C610+ 6f0 000 oS0 gliro— o090 Lzfo— g9o Kypounry Sz b1
o 190'0— £S0 1goo— €S0 S6ro— 190 g9fo— olo oSo— glo Lzlo— ¥go lzgo— Igo Apomf-9€c €1
= Ly o+ Czo oSto+ gzo gb€o+ 1f0 S610+ 6f0 coo oS0 glio— ogo LzEo— g9o Kyowny-S€z  z1
= z09'0+ o0z'0 zogo+ . oz'o olyo+ Szo 10€0+4 €£0 Soro+ Fho Czro— LEo 10€0— ggo [Ayleury-Fez 11
. Cao'i+ 600 6560+ o10 €930+ zro 9rlo+ 9gro LfSo+ Szzo 10fo+ €0 olooi gbo [Aggaunif-6°€ o1
M ¢or'1t+ 9goo Veri+ Loo Saor+ 600 ¢¥go+ €zro 6590+ gro zthot Lzo €rzot gfo dpoun-v€ 6
ofzo+ 9fo ofzo4 gfo Lgoot Sho zSoo— €C0 oSzo— V9o glho— SLo of¢o— glo Kyeung-9z ¢
6gl0+ Vro 6glo+ Vro 9igot €610 €€Vo+ S9zo 6geof SE€o Szoo+ gho 1€zo— €90 [Aqeung-S'c L
oflo+ €ro 6glo+ ¥10 zogo+ ozo zfbot Lo oSzo+ 9fo Szoo+ gho gfro— 650 Kyteun-¥z 9
9zg0+ €ro S9go+ zro 9rlo+ 9gro of€o+ €zo gh€o+ 160 Lgoo+ Sho Soro— 9fo poung-€z ¢
ogf't4 tboo ogf-r+ Poo 6lzi+ CSoo S61'1+ goo VG604 o010 6690+ gQro oot gzo X B N 4
ogf't+ Voo ogfi+ too 6lzi+ Soo S61'1+ goo VG604 or0 6690+ gro orfo+ gzo Kypp-€ €
1901+ Qoo Igo'I4+ goo z60+ Coro 6lo+ E€ro zogo+ ozo 6z£04 o 9lrot obo Aoz z
oo'o 009't+ zoo zl1+ €oo gE1I4 Poo S61'I+ goo Sg9g0+ zio 65904 QIO [ousyg I
Ny a4y Iy .&mﬂ ny a4y Wy dar nyy .&- Et. ..-~ EMN kt. .
09 (139 o ot (14 or S0 jouayg £33

IIO

“(1-01M[ SI[0T) JUAA[0S SUILLINJS UL HPIUIBULIOY JO UOLYerUIIUCY)
AAINVIVEOL HIIM GELVNOTHINI ISOTNTIID 40 SYFAVT NIHL NO STONTHI QILVIAHLIIN 40 STATVA Wy anv 4y

[ATIgVL

J. Chyomatog., 33,(1968) 107~117



III1

MOLECULAR STRUCTURE AND CHROMATOGRAPHIC BEHAVIOUR. XV,

Ra_uoﬁﬁz.om-c.w.v.m.u, _

Q.
N

€z€o+ €zo othot gro €izot+ gfo S€oo— S0 ooSo— glo Lzgo—  Lgo
g0+ 120 Llbot+  Szo 69zo+ €0 Czoo+ gho oibo— zlo r1zlo—  tgo [Aylowenaf-9's€z 61
2090 oz0 1004  bzo 10f0f €€0 Loot obo gofo— olo glgo—  zgo (fqowenaj-9v€c g1
gobo+ 11’0 gogo+ - S€ro ofgo+ 610 Llbo+ Czo gfrot+  ibo ofzo— oo qowenay-Sv€z L1
beri+  loo  tor+  goo go6o+ 1o 6390+ Lo orto- gzo Soro+ o e -6 ¥€. 91
6g90+ Iro ogto+ 1ze ¥Sho+ gzo ofzo+ gfo Soro— 950 oSSo—  glo Ayjowry-9vc St
¥€60o+ o1o Chgot Czro gfLot CC€ro €S0+  €zo 1Szo+  Ifo €izo—  zgo iAqowuy-Shz b1
6g90+ . Lo ogSof 120 ¥Cto+ gzo ofzot  gfo Soro— gSo ofSo— glo [Aqpourtif-9€‘z €1
¥€00+ oro ¢<Fgo+ Szro gfLo+4 S€1o SzSo+ €zo i1fcot+ LEo Erzo— 90 (dqowrf-S€z . zxI
90'I+ goo ¥ o+ oro gogof €€ro zogot ozo 1004+ £f0 9glio— o090 o€z 11
S6ri+ goo 1601+ Cloo gléot+ S600 gogot+ S€ro 1050+ ¥bzo Corod Hho AyQPug-S€ . o1
6lz1+ Coo €611+ goo 1601+ goo tggo+ zro ogfot+ 1z'0 ofzot gfo Kyoung-v‘e 6
98¢0+ €iro 6glot+ Fro 6590+ gro 100+  bzo €zrod- o LoEo— - Lgo dypug-9'z. ¢
1901+  goo zt6o+ Coio 9zgo+ 1o 690+ gro Lz€ot+  zfo lgoo—  ¥%o Aqeung-Sz 4
1901+ goo zf6o+ Coro gzgo+  €ro 6590+ gro Lzfo+ <o Igoo— ¥Co Aygpuig-v'z 9
beri+ loo Seor+ 600 S9g0o+ zro 9ilot+ 9o g9fo+  ofo Sfoo— o dpoung-€z €
1¢14 = foo gE1+ koo Lzr+ Coo zfor+ ¢goo 91lo+ 9gro ¥Sho+ -gzo Sy v
114+  foo g€14+ Yoo Lzi+ oo zfoit 6go'o 9ilo+ 9gro ¥Sho+ gzo - &gep€- €
glzi4+ S0 601+ €loo gl6o+  C6oo S9g0o+ o S50+ €zo €rzo+ gfo ALz 2
00 6914+ zoo o1f1+ C€oo 6lz1+ Coo Coor+ 600 gilo+ gro COmYJ I
Ky 4y wyr 4y Wyr dyr Ky a7 Wy dyr Nyy dyr
of ot ot 0 oI So ouayg La5y

(12131 Sajowr) JuaA[os SurALINGS Ul IPIWBULIOf{ALJAW-)] JO UOITRIIUIIUC)

AAINVINHOITAHIAN-N HLIIM JILVNOFTUINI FSOTATTID 40 SHAXVT NIHI NO STONIHA QHH&.A?FH.AE. J0 SANTVA Wy anv Iy

I LTIVE

J. Chromatog., 33 (1968) 107—117



22 OUVUYUU0US e
SN0 BNONDRODONRL mB

R. J. T. GRAHAM, L. S. BARK, J. DALY

Ix2
{
. | Phenol 3-CHg- 4-CHg-
(A—aA) H:CONH ‘ ‘
(W—m) H-CO-NHICH3)
(@—®) H:CO:N(CHgz) '
0.5 10 2 4.0 6080

[Amide] moles litre! (log scale)

2,4 -(CHa)z- 2,5-(CHa)a-

| o

2-(CHg)- 2,3-(CHg)z-

\
3

2,6-(CHz)a- B 2,3,6-(CHzg)z- 2,4,6-(CHz)y- 2,3,4,6-(CHglgq-

i)
\\

Fig. 1. Ra values (methylated phenols) vs. concentratlon of amide in the slurrying solvent (log
scale).

In the former case, we suggest that the interface between the mobile phase and
stationary phase is not a simple hexane-amide interface but that the cellulose support
is playing a signiﬁcant part in the chromatographic mechanism%. At low concen-
trations there is competition between the cellulose hydroxyl groups and the phenolic
group for the oxygen atom of the carbonyl group, véz. hydrogen bonds formed between
the cellulose and the amide have to be broken before the phenol can be taken up
by the surface. Some evidence for the possibility of such an equilibrium is obtained
from the appearance of the spots on the developed chromatograms. At low concen-
trations of amide, the spots are diffuse and at very low concentrations they become
streaked. (The 0.5 M loading represents the lowest loading at W]‘.llCh the spots are
sufficiently discrete for reliable Ry values to be obtained.)

At higher concentrations of amide, the part played by the cellulose becomes
progressively less significant, until it eventually becomes zero. This point is located
where the linear parts of the curves begin. Once thxs point is reached, we regard the
cellulose as bemg totally covered by the:amide.

In the region below this point, where the cellulose is significant, the chromato-
graphic mechanism is not solely one of partition, but is also one of adsorption. The

J: “Chro‘m:atog. , 33 (1968) '107-117
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3,4 -(CHg)a- 3,5-(CHz)2- 3,4,5-(CHg)z-

\
\

2,3,4-(CHa)3- 2,3,5-(Chig)3- 2,4,5-(CHz)a 2,3,4,5-(CHga)q~

——

A\
)
A\

2,3,5,6-(CHa)g- 2,3,4,5,6-(CHa)g -

X
\

formation of hydrogen bonds between the support, Z.e. the cellulose, is regarded as
a major factor contributing to the deviation from the Ry theory.

Over the region of amide concentrations where the graphs are truly linear, we
regard the mechanism as solely one of partition. Over this range the Rjs theory is
valid except for constitutive effects, e.g. in the case of nuclear substituents, positional
effects. These are subdivided into the position of the substituent relative to that of
the chromatographically effective functional group (the phenolic group) and the
positions of the substituents relatlve to each other. Such effects have been discussed
previously16,19-21, :

- Attempts to load the cellulose with very high concentrations of amides resulted
in the excess amide being d1splaced from the cellulose as a result of the mobile phase
acting as a molecular plough. It is suggested that it is this molecular plough effect
which causes deviation from linearity at high amide concentrations. This effect has

~ been previously noted in reversed phase thin-layer chromatographm systems in which
tri-n-butyl phosphate has been used as the impregnant?2,

The curves for the 20 compounds show a close parallehsm in most cases. We
propose that this indicates that the effective chromatographic'mechanism is the same

J- Chromn)tog., 33 (1968) 107-117
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MOLECULAR STRUCTURE AND CHROMATOGRAPHIC BEHAVIOUR. XV. II5
in all cases and is that the phenols are held onto the amide surface by the formation
of hydrogen bonds between the hydrogen atom of the phenolic group and the carbonyl
oxygen atom. Removal of the phenol from this surface is a result of solvation of the
hydrophobic part of the phenolic molecule by the mobile phase. Infra-red studies?
have shown that when phenols interact with amides to form a hydrogen bonded
phenol-amide complex, they do so in a 1:1 ratio. The slopes of the linear regions of
the curves in Fig. 1 generally approximate to x. This correlation suggests that it
might be possible to use reversed phase thin-layer chromatography to determine the

-stoichiometry of the reaction between the chromatographed species and the stationary
phase. This has been done for some inorganic species?3.

5
The nature of the amide
The results in Tables I-1II show that at a comparable loading, the Rp values
are highest on layers impregnated with formamide and lowest on those impregnated
with N,N-dimethylformamide, with the values for layers impregnated with N-methyl-
formamide being between these two. The presence of a methyl group in the sub-
stituted amides strengthens the phenol-amide hydrogen bond by the inductive release
of electrons to the carbonyl oxygen atom, the effect of the second methyl group is
not, however, as great as that of the first. This may in part be attributed to the
steric restriction of free rotation about the carbon- mtrogen bond and the resultant
loss of the mesomerism which is thought to play some part in the hydrogen bonding
of phenols to amides.

Chromatography and molecular stricture
Tables I-III show that in all systems the addition of successive methyl groups
to the aromatic nucleus increases the Rg values relative to phenol. It is seen however,

1.2 +1.3
i -
+0.8 ' +1.1
. .3,4.
®3s; ©32,4,5- Rm
+0.4 2 9. +0.9
: S5l
E
0.0F Y . +0.7F
RM' a2,6- \ "~
-0.af \3\2'3‘6' +0.5}
2,0,6-
-0.8F 2135‘?!6' + Q- 3
82,3,5,6-
-1.2} 22,4581 +0.1}
N82,24,56
v N " 2 " A -0. N A A
14 1 2 3 4 ) 1 2 3 5

No. of carbon ‘atormns

No. of carbon atormns

Fig. 2. Ry values (methylated phenols on layers 1mprcgnated with 2.0 M forma.mlde) vs. numbers
of side chain carbon atoms. ,

Fig. 3. RM values (methylated phenols on layers 1mpregnated with 2.0 J\l N-methylformamxde)
vs. numbers of side chain carbon atoms.
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that the positions of thc methyl group within the nucleus are also effective in gov-
erning the pattern of chromatographic behaviour. Thus as is shown in the tables
and in Figs. 2—4 (for 2.0 M amide 1mpregnat10n) the phenols may be divided into
three groups, viz. :

(a) phenols containing no group ortko to the phenolic group,

(b) phenols containing one group ortZo to the phenolic group,

(c) phenols containing two groups ortko to the phenolic group.

0.4

o2t \-2,3.4,5,6-

00 TN

No. of carbon atorps

ar
o

Fig. 4. Rpr values (methylated phenols on layers impregnated with 2.0 M N, N-dimethylformamide)
vs. numbers of side chain carbon atoms.

It is suggested that the increase in Ry values consequent upon the ortho effect
is a result of the steric hindrance of the approach of the phenohc group to the
carbonyl group of the surface. -

Within each of these groups some separation of isomers occurs as a result of
the buttressing effect which is found when two methyl groups occupy adjacent po-
sitions in the aromatic nucleus; such behaviour has been previously discussed m

detaills,

CONCILUSION

Over a certain range of amide concentrations a linear relationship exists between
Rps values obtained from reversed-phase thin-layer chromatograms and the log of
the concentration of the impregnant applied to the substrate, thus substantiating
the validity of the relationship between Rg/Rps values and partition coefficient, a.
Deviations occur when the amount of impregnant is insufficient. to minimise the
effect of the impregnant support so that the. chromatograpluc mechanism is both
partition and adsorption and also when the loading of impregnant is so high that the
impregnant is removed from the layers by the action of the mobile phase.

~f . Chromatog., 33 (1968) 107—-117
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DISCUSSION

Dr LieNY: Professor BRENNER remarked this morning that the reproducibility
of Ry values in paper and thin-layer chromatography is not good enough to allow their
application in physical-chemical investigations. We have now learned that Dr. Gra-
HAM was able to demonstrate the ortho effect of a single methyl group in phenols. These
results are the more striking when it is remembered that, until very recently, it ap-
peared impossible to demonstrate the ortko effect of a single methyl group in phenols:
in all textbooks on physical organic chemistry it is stated that there is no such effect
on the ionization constants of methylphenols and even in 1964 HEINEN (D<ssertation,
Utrecht) was still unable to demonstrate an ortho effect in an infrared investigation of
the complex formation between methylphenols and acetone. It was only by recourse
to Mc DanieL’'s and BRowN'’s refined method for the determination of ortho effects
and having at our disposal very accurate data that we were able to demonstrate an
ortho effect in the above-mentioned cases. "

Hais: I wonder whether Dr. GRAHAM does not speak about ortho effect in a
broader sense including steric hindrance of the approach of solvent molecules, whereas
Dr. pE LieNY has in mind the traditional more restricted meaning of the term.

‘GrRAHAM: Though the values quoted must include both polar and steric effects,
I believe that the ortho effect here is caused primarily by the steric’ hindrance of
approach of the phenol to the amide surface and that the contr1but1on of polar effect
is' probably small. : : :
‘ DE-L16NY: O7tho effects can be caused by dlfferent mechanisms, e.g. intramole-
, cular hydrogen bonding. However, I think that both Dr. GRaHAM and I speak about
steric hindrance of solvation (which is about equivalent to steric hindrance of hydrogen
bonding) by the presence of ortho-methyl groups; or about the or¢/io effect “in a broader
sense’’ in your terminology. ' ' :
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