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SUMMARY .

‘ The orystal and molecular structure of quinol
dimethyl ether has been determined by quantitative two-
dimensional X-ray methods. The corystals are orthorhombic
bipyramidal and belong to the Pboa space group. There are
four molecules per unit cell and each molecule possesses ;
centre of symmetry which coincides with the crystallographic
centre of symmetry. The molecular planes are inclined at
about 33° to the (100) plane. The methyl group is not rota-
ting and is coplanar with the rest of the moleocule, The
benzene ring ie considerably distorted with the bond lengths
varying from 1.36 A.to l.44 4, The length of the bond con-
necting the methyl group to the oxygen atom is 1,35 A, All
valency angles are about 120°, The hydrogen atoms of the
methyl group are also in fixed positions. There is no inter-
molecular distance smaller than 3.5 A, These determinations
should be acourate to within +0,02 A, or *0,03 A, The above
results are supported by good structure factor agreements and
by theoretical considerations of the possible resonance struc-
tures. The bensene ring bond which is "trans" to the methyl
group is only 1.36 A. long and a qualitative explanation of

this has been put forward,



IRTRODUCTIOR.

Professor J., M, Robertson determined the axial
lengths and the space group of quinol dimethyl ether and his
results indicated that this compound would be suitable for
a detailed X-.ray analysis.

Since no attempt had been made to investigate the
structure of any of the aromstic ethers by means of X-.rays,
8 quantitative X-ray investigation of l:4 dimethoxybenzene
appeared to be of great importance and was therefore under-
taken.

Its valus lay in the fact that it was expected to
throw 1ight on many structural aspects of this compound,
which had remained purely speculatory and that it would
greatly facilitate possible future analyses of other more
complex aromatic methoxy derivatives.

The dipole moment 0f quinol dimethyl ether, measured
in bensene solution, is about 1,7 Debye unite., To acoount
for this high value various explanations had been put forward
and the moet generally accepted ie the one based on the as-
sumption that the methyl groups are rotating about the bonds
joining the oxygen atoms #0 the benszene ring., If it were
found by X-ray analysis that such rotation of methyl groups
is taking place in the 80lid state, the above explanation

would be confirmed, The compound is very volatile and of



comparatively low density and therefore this possibility
had to be investigated.

Various methods have been applied to determine the
valenocy angle of oxygen in dimethyl ether., The moet relisle
value of this angle is 111 * 4°, which was obtained by Sutton
and Brockway'by electron diffraction methods,

In aromatic ethers, however, this angle was deter-
mined only from electric dipole moment measurements, Among
many workere who invoetigatéd this problem were Bergmann,
Smyth, Walls, Sutton and Hampson.

In 1934 G.M. Bennett®+® oriticised the methods used
by the above workers and showed that the analysis of the di-
pole moments of p-substituted anigoles, by which values have
been deduced for this angle of 140° or more, is unsound. ‘He
demonstrated that the mesomeric moment due to a given group
is not constant, but varies from compound to compound, The
two groups in para position are odnneoted by a conjugated
system of single and doubdble bonds and the presence of one
group influences the value of the moment due to the other,

In 19356 L.E. Sutton and G,.C. Humpuon‘ came to the
conclusion that the angle will vary in different aromatic
ethers and in many csses will be greater than 110°, They
attributed these onlarsenentl of'anzles to.the resonance of
the ordinary etructure with others in which the oxygen atom

forms a double bond with the benzene ring. They expected



that in snisole this type of resonance will cause this angle
t& approach 126°,

In addition to many approximations and assumptions
used in this application a very emall error of 0,08 D. in
the value of the dipole moment alters the angle to a great
extent.,

The value of this angle, therefore, cannot be es-
timated accourately from the dipole moment measurements and
a quantitative X-ray analysis, which would give a trustworthy
result was really necessary. ‘

It was also important to find whether the bond join-
ing the methyl group to the oxygen atom approasched the value
of 1l.44 A,, obtained by L.E. Sutton and L,0, Brockway for di=
methyl ather.l

The earlier X-ray research work on the aromatio
hydrocarbons hags shown that in these compounds, to a good
approximation, the bensene ring is a regular and planar he-
xagon.5 Recently, however, in view of new knowledge and ime-
provement of technique some 0of these analyses were carried
out by three-dimensional methods and it has been shown that
slight variations in the carbon-carbon bond lengths ame pos-
sible., There were even cases 0f two-dimensional analyses

in which a good resolution of many of the atoms allowed 4if-

ferences in bond lengths to be obeerveds. It was therefore



of great interest to find whether the benzene ring of quinol
dimethyl ether is a regular and planar hexsgon or wheter it |
ie distorted. ‘

On undertaking this work it was also expected to
establish, 1f not the acourate positione of hydrogen atoms
of the methyl group, at least whether they are fixed or ro-
tating freely about the bond Jjoining the carbon atom of the
methyl group to the oxygen atom, It is interesting that in
the electron diffraction investigation of the molecular
structure of dimethyl ether! the poseibvility of rotation of
each of the methyl groups around the corresponding carbone
oxygen bond was taken into aoccount and an allowance for such
unrestrioted rotations has been made.An the caloulations of
the intensity ocurves. |

Pinally it was hoped that thie investigation would
lead to better understanding ¢f some 0f the physicsal pro-
perties of this ocompound. |

In conclueion 1t may be said, that the resultes
Juatified the undertaking of this work.,



RESULTS OF X-RAY ANALYSIS.

Crystal Data.

Quinol dimethyl ether, CgOgHyg: M. 138.08; m.p.56°%;
d. cale, 1.199, found 1,190; orthorhombic bipyramidal;
a="7.29t0.,02, b =6,50t0,02, 0 =16,566£0.,03 4 Volume of the
unit cell, 760 4%,  Absent spectra: no general halving,(Okl)
absent when k 0dd; (hOl) absent when 1 o0dd; (hk0) absent
when h 0d4; (001) sbsent when 1 odd; (0kO) absent when k
odd{ (bOO) abeent when h odd. Space group rboa. (Dzh).

Four molecules per unit cell., hMolecular symmetry: centre,
Total number of electrons per unit cell F(000) = 296, Aba
sorption cosfficient for X-rays: \=1.5¢, u=8.14 om."1,

Refractive indices: )= 1,632, (a);2=1.610, (D)}
a=1,806, (a); negative birefringence 0,128, The letters
in brackets denote the crystal axes to which the vibration
is parallel,

Quinol dimethyl ether was prepared from hydroquinone.
Colourless, rather volatile plates, parallel to the (001)
plane were obtained., The crystals were rather soft.’

Megnetic rotation measurements were carried out by
Perkins. Ultraaviolet absorption spectra of quinol dimethyl
ether in different solvents were studied’s The heat of com-

bustion as determined by F,. Stohmannlo

and his co-workers is
1015.,076 kg.cale, per gmsmol, Their value for the heat of

formation



formation 1s 81,924 kg. cals.
Dipole moment of quinol dimethyl ether (in benzene)

wae found to be 1,67 Debdbye unitsll.

Structure dnalyeis.

The space group Pboa requires eight asymmetric
units per unit cell, Since there are only four molecules
of quinol dimethyl ether in 2 unit cell, each molecule mst
possess a oentre of symmetry which coincides with the orys-
tallographioc centre of symmetry. The asymmetric unit con-
siate therefore of four carbon, one oxygen and five hydro-
gen atoms, The diagram of the unit cell showing the posi-
tion of the asymmetric units and of the symmetry elements is
given by International Tables for the Detsrmination of Crys-
tal StructurelZ,

In the analysis of the struoture by trial it was
assumed that the benszene ring was a regular, planar hexagon
of radius 1.39 A. The oxygen atoms were assumed to lie on
8 line paseing through the adjacent carbon atoms of the ben-
sene ring and the centre of the molecule, The C3-0 bdond
length was taken as 1,36 A.,, as it wae assumed that it did
not differ very mauch from the value found by Roberbuon13 in
resorcinol, The eame bond length was obtained by FPalin
and Powelll‘ in the case 0f the quinol molecule in clathrate



compounds., The bond length between the oxygen and the oar-
bon atom of the methyl group was accepted to be 1443 a.,
being the sum of the covalent single-bond radii of the two
atoms as given by Pauling and ﬁngginsls. The 0-C bond length
found in dimethyl ether by the electron diffraction methods
egreed very well with this value. The angle C;0Cy (Cp de-
notes the carbon atom of the methyl group) was taken as 110°.
The birefringence was found to be negative and not
remarkably high (0.126), but since the polarisability of the
bengene ring for vibrations perpendicular to its plane is
known to be considerably smaller than for vibrations in its
plane, the gbove results definitely indicated that the planes
of the molecules were parallel @o one another ﬁnd tended to
lie in the (100) plane. The faot that for vibrations along
the ¢ axis the R. I. value wae the highest indicated that
the long molecular axis, i,e.,, the line passing through two
opposite carbons 0f the bensene ring and the two adjoining
oxygen atoms probabdly lay aslong the o axie of the oryetal.
The (200) plane gave a very strong reflection,
(F measured =96.,5), but the reflections of (400) and (800)
were very weak. If all the atoms of the molecule were lying
on the (100) plane, all these axial reflections would be of
approximately equal intensity. These resulte indicated that
only some of the atoms of the molecule were situated in, or

very nearly in, the bc orystal plane. Taking the results



of R, I. messurements also into acoount it seemed very likely
that the long axis of the molecule lay nearly parallel to the
o axis and that the bensene ring had a tilt not exceeding 45°
from the {(100) plane,

A wire model of the unit cell was then construoted,
the molecules, made on the same scale, were placed at four
equivalent points and,fkeeping in mind that the distance bet-

ween the carbon atome of different moleculee ahould not be
smaller than 3.6 4,, a8 much information as poesible was de-
rived as to the value of the angle of the tilt of the ben-
zene ring from the (100) plane and ae to the possible posi-
tions of the carbon atom of the methyl group,.

The resulte of this investigation were; -

l, The unit cell dimensione allowed for the long
molecular axes to be situsted along the o orystal axis,

2. It seemed very likely that the angle between
the long molecular axis projeoted on the bo plane and the
¢ axis (denoted by £) was largor than the angle besween the
same molecular axie projected on the (0l0) plane and the ¢
axis (denoted by ). Owiﬁs to the proximity of the benzene
rings of different molecules the anglep should not de greater
than 23°, but was probably not exeeeding 5°. The value ofc,
however, was limited only by the position of the methyl groups,

3. The tilt of the plane of the bensene ring from
the (100) plane (the angle of the tilt being denoted by J),
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oould have any value not greater than 49°,

4. It was found very improbable that the methyl
groups were rotating about the bonds joining the oxygen atoms
to the benzene ring, since iu such a case the two Cp atoms of
the molecules situated at the origin and at ($,%,0) would
come within 2,5 A, from each other. If the rotation of the
methyl groups was congidered to be synchronised, the symmetry
operations appropriate to the space group Pbca would dbe con-
travened, It ﬁaa also found that for the smsller values of
the 2 angle the larger x coordinate of the Cyp atom was likely
to be correct,

The possibility of rotation of the methyl gmwups
about the bonds joining the oxygen atoms to the bensene ring
was investigated fully and the conolusion was reached that
it does not take place. iany trisl struotures were calou-
lated in which an allowance was made for the rotation,and in
no case a reasonsble agreement detween the calculated and
the measured structure faotors was obtained, Finally ther-
mochemical measurements were garried out, but again there
wae no indication of the rotation.

The projection along the a axis on the (100) plane
was ochosen first, as it was expected that it would give the
best resolution, Bearing all the above results in mind, the
structure factors for several trial struotures were csloula-

ted. The angles, <-15%, ;:3,6°, and /=33, gave the best
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agreement between the measured and the caloulsted values of
¥, The F values were very sensitive to the change of co=-
ordinates of the carbon atom of the methyl group, After a
few triels, however, the y coordinate of 2,152 A, gave suf-
ficiently good genersl agreement between the ¥ messured and
F caloulated for the refinement of the atomic positions by
two~dimensional Fourier series methods. Four Fourier syn-
theses were carried out until there were no further changes
in the phase constants of any of the obgerved reflections,
A full resolution of all the atoms was obtained and the final
coordinat:s weredetermined fairly accurately.

At this stage 0f the work the contribution made by
the hydrogen astoms was introduced into the caloulation of
the struoture factors, The bond lengths between the hydro-
gen and the oarbon atoms of the benzene ring were taken as
1.08 4,15 and the bonds were assumed to be distributed ra-
dially, 1.e,, lying on lines paseing through the adjacent
carbon stoms and the centre of the benzene ring.

The hydrogen atoms of the methyl group were assumed
to be situated tetrahedrally at a distance of 1.09 4,16 from
the oarbon atom. (( HCH -109° 28'), In order to find the oco-
ordinatee of these atoms, the circle on which they were lying
was projected on to ths {100) plane., An ellipse was there-
fore obtained, the minor axis of which wus calculated assuming
the 0-Cy bond length as 1,43 4. The hydrogen atoms were
then placed on this ellipse in such a way as to agree with
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the two-electron contour line of the Fourier pattern,

The insrcoduction of the contribution of the hydro-
gen atoms lowered the disorepancy between the observed and
caloulated values of F for most of the planes with sin 0<0.5.

The atructure factors were then recalculated using
another set of three hydrogen atoms placed on the same ellipse
dbut half way in between the poeitions accepted previously,
These new positions were therefore obtained by rotating the
cirole with the previous hydrogen atoms through 60°%, The
disorepancy between the F values became in this case even
greater than that obtained withoﬁt taking the contridbution of
hydrogen atoms into account. This proved that the final
Fourier eledtron-density diagram does indicate the positions
of the hydrogen atoms fairly socurately.

. In order to find out whether the methyl group was
rotating about the Cy-0 bond, the struoture factors were ocal-
oulated in such a way as to scoount at least roughly for the
rotation and the change in disorepancy between the F values
was examined, The contribution made by the rotating hydro-
gen atome sould be caloulated by adding up the geometriocal
structrue factors for all the six positions used in the two
sets 0f previous oaloulations and then dividing this zum by
two, The same result was actually obtained by the mmoh
simpler method of finding the average value of ¥ for the ocor-

responding two F cale, values. The agreement between the
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¥ messured snd F calculsted wasg definitely woree than the
agreement obtained by placing the hydrogen stoms in fixed
positions indicated by the countour map. &t appeared there-
fore that the hydrogen atoms were not rotating.

The introduction of the contribution maede dy the
hydrogen stome led to the change of the phase congtant of the
(021) structure factor, snd therefore another Fourier synthe-
gie was spplied to the (Okl) zone. The F measured for this
reflection was too emall to slter the coordinastes to an ap-
preciable degrece, but the ehaces of the étome improved a little

The final Fourier projection along the a axis ii
shown in Fig. 1, For this projection the F values of all
the obgerved reflections were taken.

The projection of the benzene ring along the a axis
on the (100) plane fulfilled the conditions required by a
regular and planar hexagon, as eagh pair of opposite sides
wap purallel and one half of the length of the segment f¥hrough
the centre of the ring joinlng'the other two corners, Assum-
ing therefore that the benzene ring was a regulsr and plansar
hexagon and taking the bond lengths used in the trial struce
ture it wae possible to caloulate x coordinates of all the
atoms in the asymmetric unit. The struoture factors for
the (h0l) sone were calgulated and reessonably good agreements
petween the ¥ measured snd F cslculsted values were obtained,

The Fourier synthesis was therefore applied, The Og atom
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Flsg 1, |

Projection aloﬁg the a axis, on the (100) plane., It covers
two unit cella. The plane of the molecule is inclined to the
projection plane at 33.4°. Each contour line represente a
den;ity increment of approximately one electron per A%, the

one-electron line deing dotted.
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was fully resolved and therefore ite x coordinate could be
determined fairly aceurately, but the refinement of the x
coordinatee of the remaining four atome C;, Og, O and Cp,
was rather 4diffiocult owing to overlapping effeots, Never-
thelesa, this first Fourler projectlon showed that the ass-
umption that the bénzene ring wuas a regular hexagon should
be abandoned, aa the Cy-C; and C;-Cg bonds appeafed to be
conelderably longer than the Cy-Cz bond. It had also indi-
oated that the oxygen and J; atoms probably lay on the line
paseing through the centre of the molooule.

The effect: 0f the contribution of the different re-
sonance struotures was considerad and it appearsd probabdle
that the bonda C;-Cg and C1-Cg were equal in length., The
coordinates of the Cj and Cp atoms were therefore taken in
such a way as to satisfy this oondition and the strmoture
fsotors ware recalgulated, The agreements between the meas-
ured and caloulsted struoture factors imprﬁveﬂ congiderably

and geveral weak reflections omitted previously could be in-
oluded in the second Fourier synthesis, The contour map which
was obtained 414 not 4iffer very much from the first one and
it was difficult ¢to 4raw sny derther conclusions as to the
struoture of the compound. Several sets of coordinstes of
the four unresolved atoms, psrmitted by the contour graph,
wers therefore tsken snd the etructure fsctors were calcula-

ted for each of them,
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If it 1e assumed that the C)-Cp and C)-Cg bonds are
equal in length and that the line passing through the origin
and the C; and O atome bisects the segment joining the Cg
and Cg atoms, the centres of the beuzene ring ocarbon atoms
should be fixed in the projection in euch a wuy as Vo mske
the above mentioned line puss through the mid-point of the
02-06 segment.

These assumptions were made in the drawing of Fig.2a,
which shows disgrammaticaly the asymmetric unlt projected on
the ac plane,

Fig. 2.

The atomic oentres were fixed using the z coordi-
nates of all the atome ze determined by the projection along
the a axis and the information obtained from the second rcuriai
projection along the b axis, Having fixed the centres of the
Cg and Cg atoms, the mid-point M of the Cp-Cg segment was
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marked. The Cy and O atoms were then put on the line drawn
through the M point and the origin, The x coordinates of
these two atoms were therefore determinsd by the position of
the M point, they agreed reasonably well, however, with the
contour lines of the second Fourier projection.

It was found however, that as long as the above con-
dition was satisfied, th; discrepancy between the obgerved
and csloulated stEmoture factors did not fall below a certain
value which was considered to be too high for the application
of the final Fourier synthesie, The agreements between the
F values for the planes with h even were satisfactory, but
for the planes with h odd they were oconsiderably worse. The
geometrical struoture factors of the latter were calculated
by mesns of the formula -88in27fhx 8in2ilz and the F values
dopendéd therefore on the sign of the atomic coordinates, It
appeared that the results might be improved by ohanging the
sign of the x ocoordinastes of the C; and 0 atoms, The nume-
rical values of these coordinates were very small and only
small shifts of their centres were required to place them on
the other side of th; ¢ axis. The structure factors for
positions indicated by Fig. 2b were recaloulated for all the
planes. A considerable lowering of the discrepancy between
the F mesasured and ¥ calculated resulted (by approximately
7%) and a good general agrcement wae obtained, More weak

reflections ocould be included in the third Fourier synthesis,
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The new contour diasgram showed more olezrly the positions of
the 01 and O atoms on the eame 8ide of the ¢ axis as the Cp
atom, The contributions made by the hydrogen atoms were
then inoluded and the coordinates were further refined by the
fourth Fourier synthesis.

For all these Fouiter series the value of F observed
for thg (200) plane was 72.5, This value was however, Gor=
rected to 96,5 using the dsata from photographs obtained with
emaller orystale and the absolute scale of § measured was ad-
justed, To see the effect of these changes on the electron
density map, the fifth Fourier synthesis was carried out.

The poeitions of the atomioc centres were not altered appre-
oiably, but there was a considerable difference in one and

two electron contour lines. The effeot of introducing the
value of F of +90 instead dr +71 into the Feni;er synthesis

was coneidered by G, A, Jctfrey17

in his three-dimensional
analysis of dibensyl. The corresponding shift in atomic co-
ordinetes was found to be lecs than 0,003 A, for any atom,
The final Fourier projection along the b axis is
shown in Fig. 3. For this finsl Fourier b axis projection
the 2,0,8, 502, 806 and 808 reflections were omitted,

a8 their phase oconstunte were not ocertain,
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Fig. 3.

Projeotion slong the b axis, on the (010) plane, covering two

Each contour line represents a demgity inorement

unit cells,

of approximately one electron per A? » the one-electron line

being dotted,
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All the assumptions as to the structure of quinol
dimethyl ether were abapdoned after the second Fourier pro-
jection on the (010) plane was obtained, The shifting of
the C;-0 bond to the other side of the o axis gave the dis-
torted bensene ring, but on the other hand, the length of
the 0-C, bond inoreased conslderably. The latter was very
important, as the value of 1.29 A, for this bond 414 not seem
to be correoct.

The projection along the ¢ axis on the (001} plane
would not give any resolution at all, and therefore the Fourier

synthesis was not carried out,

Coordinates, Orientation and Dimenaions.

The coordinates of all t he atoms with reepect to the

X, y and 3z orystallographic axes are given in Table I, the
oentfe of symmetry being taken as the origin, They were mea=-
sured direotly from the electron density maps after abandoning
all the assumptione as to the regularity and planarity of the
bensene ring, and they gave the best agreement between the ob-
served and caloulated values of Fo The coordinates of all
the other atome in the unit cell were derived from thece by
the following operationa% -

t[x.y.s; tixy dey, -8;  -x, by, b-3;  E-x, -7, %ﬂ;]

The ooordinates of the hydrogen atoms listed were found by
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‘means of ellipses drawn on the (100) and (010) Fomrier pro-
Jeotions, as desoribed in the Structure Anslysia section,
The lengths of their minor axes were caloulated, taking the
0-C, bond length obtained from the coordinates of these atoms,
f.0, 1.35 A« This method was found to be adequate, @ince
the bond lengfhe between each of the hydrogen atome and the
carbon atom caloulated from the final ooordinates of these
atoms did not deviate by more tham 0,015 A, from the accepted
value of 1,09 A,

For the final triel struoture, the y coordinate
of the Cy atom was taken 88+2,152 Ac It can be seen from
Table I that this value 4id not alter,

Table 1.

The coordinastes with respect to orystal axes.

Atoms. X 4. YaAe 3,4 2Tx/a. 2ig/b.  2Waz/c.

0y 04040 0.502 1,286 2,0°  28.7°  28.,0°
Cp 0,676  =0,672 1,013 33.4  -38.4 22,0
Cg - 0.7m2 1.176 0,268  =35.2 67,2 5.6
0 0,076 0,996 2,551 3.8 56.9 55.5
C,  -0.556 2,152 2,863 -27.5  122,9 6243
Hp 1,199  <1.192 1,797 59.2  -68.1 39.1
Bg - 1,263 2,085 0,457  -62.4  119,2 9.9
M,  -0.120 2,979  2.268 - 5.9  170.2 49.3
Mp  -0.424 2,358 3.921  -20.9  134.8 85,3

My -1,618 2,065 2,644 =799 117.4 57.5
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My, Ma' M;, are the hydrogen atoms of the methyl

groupe.

The orientation of the molecule was found from the
coordinates finally accepted, and again no aesumptione of any
kind were made, The plane including Cio 02. and the centre of
the molecule was found to be:- |

X + 0,604y - 0.2678 = 0,

It was then found that all other atoms of the molecule lay in,
or nearly in this plane, the greatest distance from it being
given by the coomdinates of C. atom(0,06 A.). The oxygen and
the C; atoms are collinear with the centre of the benzene ring.
The molecular axis was therefore chosen passing through these
three points and was denoted by L., Second axis, denoted by i,
was perpendiocular to the L axis at the centre of the molecule
and it lay in the plane given by the sbove equation., The § mole-
cular axis was perpendiocular to these and it passed through
the centre of the bensene ring. The ocomplete orientation of
the molecule i8 given in the following table, in which X ,
1{r , and ) are the angles, which the molecular axes L, M, and
B make with the a, b, and'c crystallographic axes, '




Table 1l.
Orientation of the moleocule in the orystal.
X, = 88.3° cos X = 0.0290
Y = 68.7° co8 Y= 0.3635
w, = 21.4° 008 w = 0.9313
X, = 86.6° cos X = 0,5499
Y = 141.6° cosY = =0.7836
H "
w, = 173,2° o8 W, = 0.2887
X, = 3344° cos X = 0.8348
¥ = 59.8° aosx/rﬂa 0.5036
w, = 102.9° 008 w = -0.2288

The inolination of the molecular plane to the (100)
plane 18 given by 90° - X, = 33.&0, whioch 18 in very good agree-
ment with the value used in the trial structure analysis.

The coordinates of all the atoms with rispect to
the molecular axes were then ocalculated and are oo;ladted
in Table III.

Table III.

Coordinates with respect to moleocular axes.

Atoms L, 4, M, 4, B, 4.
¢y 1.382 0 0
Cg 0,719 1,191 0
Ce 0.647  -1,239  -0,059
o 2,739  ~0.002  -0,003
C 3,433  -1.165  -0,018
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It is interesting that the coordinate of one of the
hydrogen atoms of the methyl groap, Mg, with respect to the
molecular axis B has aleo a small negative value (~0,039 A.).

The bond lengths and valency angles obtained are
shown graphically in Iig. 4,

Fig. 4.

-

e o ————— -

mwral 0 e - -~

Dimensions of the molecule of quinol dimethyl ether,
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Intermolecular Distances,

The closest approach between atoms of different mo-
lecules takes place between the molecule at the origin and
that refleoted at (4, 4, O)e If the former molecule is de-
noted by e, and the latter by b, the following distances are

observed:
c; - c: = 3.54 A,
08 - Cp = 3.90 4.
of - C§ = 3.98 A.
0y - c; = 3,86 A,
03 - Op.= 375 A,

Another molecule at (4, O, #) wae taken and denoted
by ¢, and it was found that there was no close approach bet-’
ween thig molecule and the standard a, all distances being
greater than 4.0 A,

There remains only one short distance, which should
be mentioned, i.e.,vthat between Og - Q:a’ which gave the
value of 3,52 A This is the smallest intermolecular dis-
tance observed and it agrees well with the sum of the van der
Waals radii of the oxygen atom and the methyl group, which
amounts to 3.4 A,18

The distances between the carbon atoms of the methyl
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groups were found to be:e

a

Q‘ - q-:== 4,04 A,
o

Cn-» Cnt.:' ‘.20 A.

They are of expected magnitude, since the van der Waale ra-
dius of the methyl group ie 2.0 A,

All the above results showed that there wse no in-
termolecular distance smaller than allowed by the van der Waals
rorceﬁ.

Quinol dimethyl ether orystallisees in the form of
plates parallel to the (001) plane, This ocan be explained
by the fact that the approach between the moleoules, the cen-
tres of which are of the same £ coordinate, is not nearly eo
close ag in any other direction. This can be seen clearly

in Pig. 1. and Pig. 3.
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EXPERIMEETAL,

Preparation,

Quinol dimethyl ether was prepared from hydroqui-
none by methylation with dimethyl sulphate in presence of
sodium hydroxide solution, The method used was that des-
oribed by Vermculonolg

The reorystallieation from dilute ethyl alcohol
gave fhin, colourless, volatile plates of m.p. B5° - 56°.,
Sevorai i fferent organio*aolvonta have been used for re-
orystallisation, -but they all gave the same form of orystals.
The best samples for X-ray analysis were obtai’ed by using
60° - 80° petfoieum ether, By slowing down the rate of orys-
tallieation as much as possible, by mesns of a Dewar flask,
thick plates (up to l.2 mm., thickness) were obtained, which
were tien'out to a suitable sise,
| These plates were invariably pasrallel to the (00l1)
planes, To faocilitate the setting of crystals all csre was
taken to cut their sides parallel to their orystallographic
axes, This was difficult owing to softneces of the orystals
and the faot that the directions of extinotion had to be ex-

amined many times during the outting process.
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Measurement of Refractive Indices,

The indicatrix for an orthorhombic orystal is a
triaxial ellipeocid, the axes of which correspond with the
three orystallographic axes, therefore refractive {ndices
0f quinol dimethyl ether determined along the extinotion di-
rections gave the values along fha orystal axes, The method
of central illumination called the"Beoke method"” was used.20

Quinol dimethyl ether was found to be soluble in
most of the organic liquids commonly used for R, I, estima-
tions. This daifficulty was overcome by preparing potassium
mercuric iodide solution by the method desoribed by Wherryzl.
This solution of R, I, approximately 1,65 waas subsequently
diluted with different quantities of glycerol to give seve-
ral mixtures of lower indices. The refractive index of
every medium oe;eoted wae measured directly before use by means
0of an Abbe refractometer, '

In order to obtain any information as to the struce
ture of quinol dimethyl ether it wae necessary to identify
each orystal axis along which the H.I, was measured, Ag
soon as the R, I, along one 0f the extinction directions was
determined the orystal was clesned of the medium, mounted,
set about that axis and Xe-ray photograph was taken, Thie
procedure was used for identification of both the a and the .

b axmes.

The largest Re.I. (/=1.632) was found to be along the
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¢ orystal axis and the smallest (<-1,508) along the a axis,
The Rel« along the b axiu,/j, is 1.610,

I-ray Measurements.

The orystals were rather volatile and thoee of 0,5mm,
thicknees 41d not last longer than a day at ordinary room
temperature.‘ In order to proteot them small gelatine cape
sules were uged to surround the mounted orystals, Owing to
a considerable scattering of X-rays, however, they produced
darkening on the X-ray photographs, which saffected the inten-
8ity measurements of all the reflesctions of large spaocing.
This method was therefore abandoned when photographs used for
intensity estimations were taken., In order to obtain an ex-
posure of ceverél hours on a moving film photograph using an
unprotected orystal at room temperature, it Qaa necessary to
cut it and set it within a few hours, otherwige it would have
volatiliged, ‘

All the Xeray work was carried out with Cu-K, ra-
diation (A=1.54)s Botation and moving film photographs about
the a, b.‘and ¢ orystal:.axes and oscillation photographs abous
the a axis were taken, the orystals in all cases being come
pletely immersed in a uniform X-ray beam. |

The orystals were ocut, 8o that they approached the

shape of a cube as nearly as possible,
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For the first moving+film photographs about the a,

b, and ¢ oryetal axes the specimens used were as small as pos-
sible, so small in fact that at the end of each four hour ex-
posure they ocould scarcely be detected, Using suoch small orys-
tals, however, only the moving-film photograph about the‘a

axies was successful showing 60% of all possible reflections,
this percentage being considerably lower for the other two
zones, In order to obtain wesk reflections of the (h0l) and
(hk0) sones moving-film photographs were $aken using larger
crystale.

The linear absorpsion coeffiocient for guinol dime-
thyl ether is large (8,14 om. ) and therefore the length of the
path of X-ray through the orystal should not exceed 0,246 om.,
if the photographs were to be used for intensity measuromenta?z
The orystals ueed for moving film photographs about the b and
¢ axes were, at the beginning of the exposﬁreu. cubeg of sides
not greater than 1,2 mm, and were therefore well within the
above limit, They were however, considered to be too large
for the sbsorption corrections to bde negleocted; these were
therefore applied in both cases, The absroption oorrection
factors for the (hOl) sone varied from 1.51 to 1.71 and for
the (hkO) sone from 1,58 to 1.,82. The absorption corrections
for the (hkO) sone had a slightly wider range due to the faot
that the sides of the orystal were O.l mm, different in length,

In both cases the orystals were measured before aud after the
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exposure and their everage dimensions were taken for the cale
culetion of absorption corrections,

The percentage of reflections present for all poBe
sible reflections was 86{ for the (hOl) zone and 88% for the
(hkO) zone,.

All the intensities were estimated visually using
Robertson's mnltiplolzilm techniqueaa- The range of observed
intensitiece varied considerably for different moving-film phoe
tographe, The widest was for the (hkO) zone; which gave'the
inthsity values ranging from 27500 to 1,

The formulese and correction faetors used for mosaio

crystals were employed, The correction factor for the un-

' ° sin 20
polarised radiation 1008~ 50 was applied,

For the caloulation of F observed for the (hOl) and
(hkO) sones the intensities of the photographs of the larger
orystale were taken, It wus found however, that the inten-
sities of all very strong reflectione had oconsiderably lower
values than those estimated from photographs obtained using
small orystsls. The lower intensity values gave greater dis-
erepancy between F observed and ¥ caloulated from the atomio
positions, The higher F values obtalned by using small spe-
oimens were oconsidered to be more correct and they were there-
fore ha0pted'for the following reflections:- 200, 104, 108,
204, 2,0,12, 304, 3,0,12, and 404 for the (hOl) sone, and 020,
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040, 210, and 250 for the (hkO) sone, These corrections were
made sfter careful correlation by means of sll the weaker re-
flections.

The absolute scale of F was not determined directly,
but was obtained by correlation with the values finally cal-
culated from the atomic positions, The results are collected

in Taeble V under 'F, meas.'.

Structure Factors.

A complete list of structure factors ie given in a
convenient form in "Structure Faoctor Tableq" by K.Lonldale.a‘
The following simplified fbrmnlac were used:-
For the (0kl) sone: A=+800827ky cos27ls; when 1 is even.
A= -8pinfiky sin2%lx; when 1 is odd.
For the (hOl) zone: A=+8c0827hx cos2%lg; when h is even,
A= -8singihx sin27ls; when h is odd,
For the (hkO) sone; A= +8c082iihx cos8rky; when k is even.,
= -88in2"hx sin27ky; when k is odad,

L L T 0 L T 1 D 3 2 2 X L X 1 £ J

B=0 in all casesn,

The contoured 5raph325 wore employed for the calou-
lation of stimoture factore of the axial and several general
reflections., They were not used, however, in the calocula-

tion of the final structure factors, which are listed in Table

V. under ‘'F, oalc.'.




33

Fourier Analysis,

Five suocessive Fourier syntheses were carried out
for each of the (0kl) and (hOl) zones., The series was set
up according to the usual formulaes6 using the measured values
of I with the phase oconstants determined from the trial struc-
tures,

For the first two Fourier projections along the a
axis on the (100) plane and along the b axis on the (010) plane,
Beevers and Llpson27 strips were used, and the summations were
carried out at 450 pointe on the asymmetric unit, the three
ocrystal axes being divided into 60 parts in each case, For
the remaining Fourier syntheses the three figure methods28
were used, It was then possible to divide the ¢ axis into
120 intervals of 0,138 A,, since ‘%ﬁpart of the o axis, O.B?GL.,ﬁ
was rather large for accurate graphical interpolation, The
a and b ames were, as previously, divided into 60 parts giv-
ing intervals of 0,122 A, and 0,106 A, respectively, The
summations were ocarried out at 900 points on the asymmetric
unit. The contour lines were plotted on a scale of § om, to
1 A, by graphical interpolation from the summation totals.
The sections of both the rowe and the columne were made, |

The final contour maps o0f the agsymmetric unit are
shown-in Figures 5 and 6, and in these diagrams the positions

finally assigned to the atomic centres are marked by small

crosses,
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Coordinates assigned to the atoms in the bo projection of the
asymmetric unit of quinol dimethyl ether., The positions of

the hydrogen atoms are also shown,



-30°

NS

30

60

s

Jo°

-
-”
-
-

The asymmetric unit projeoted along the b axis on the (010)plane,

make some of the atomic centres agree better with the eleotron
contour lines, slight shifts of these atoms should be made,
The final coordinates which are marked in Fig, 6 were actually

determined from the previous Fourier projection which is shown

On close examination of Pig. 6, it appeared that to

in Fig. 7
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The b axis projection carried out using the value of +72.,5 of F

for the (200) plane,

The Fourier projection shown in Fig. 7 differs from
the final one in Fig, 6, in that for the latter the value of
F for the (200) plane was corrected from +72.5 to +96.5 and
the corresponding readjustment of the scuale of 'F meas,' was
made. The changeg in the poeitions of the atomic centres were

very emall, nevertheless, they would have been taken into acoomf
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had it not been extremely difficult to fix them in sccordance
with the information obtained from the a axie projection. For
example, the final b axis projection indicated that the Cg
atom should be shifted in suoh a way as io decrease its 3 co-
ordinate, The a axis contour map (Fig. 5) shows however, that
the 3 coordinate of this atom should be increased. Since in
the projection along the a axis all the atoms were fully re-
solved, more value was attz:ched to the information derived
from 4t, and in the end it was decided not to change the co-
ordinates determined from the b axis projection shown in Fig.7.
Before all the above mentioned Fourier syntheses
were carriei out, an eleotron density map for the (hOl) 3zone
was obtained., It is shown in Fig. 8, and it ehould be come
pared with the final contour map for the same sone given in

Fig. 6.
’180 8,

%

-90"]
-60°)
-3¢
1O
10"

60"

90’

Projection slong t:;igoix&gnggg;inetggg.anymnetria unit of
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Fig. 6 shows two elliptical contours due to the
proximity of two carbon atoms of the benzene ring and of the
oxygen and ocarbon atom 0f the methyl group. The firet Fourier

pro jection, however, did not show any resolution of the ben-
sene ring atoms and the ellipse given by the 0 and Cpy atoms
bad a long major axis. These unsatisfactory resultsz were
due to the fact that only a few structure factors of h odd
were included for the Fourler synthesis and abouﬁlhalf of
these had wrong phase conatants aessigned to them, The struc-
ture faotors oonoerned were caloulated by meana'ot the for-
mula -891ﬁ2ihxain2ﬁlz,and if half of the F values inocluded

in the synthesis were used with wrong phase constants, the
contour map should have shown certain characteristios of the
asymmetric unit and also of its mirror‘image.

This first Fourier map was important as it led to
a faulty oonclusion which had hindered the work for some time.
The presence of the ellipse of long major axis suggested that
the methyl group wus rotating, the axil of rotation being the
line joingng the oxygen atom and the adjoining carbon atbm of
the bensene ring. Structure factors were then calculated to
acoount for the rotation., This was done by calculating the
geometrical structure factore for four different positions of

the oarbon atom of the methyl group, (taken at the end points
0f the major and minor axes of the ellipse obtained by sssum-

ing dond lengths and orientation of the molecule}, and then
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averaging them, . These calculations did not give any improve-
ment in the agreement between F measured and F calculated,
Before the concept of the rotation of the methyl
group was abandoned it was oconsidered necessary to apply ther-
mochemical measurements., 1f the methyl group was rotating at
room temperature, it wae likely that this would cease at a
lower temperature, The change of energy of the molecule which
would therefore result would be indicated by the time-tempe-
rature ourve, The substance was cooled gradually in a Dewar
flask by means of acetone with e0lid COg down to -60°C, the
temperature being read off every 30 seconds, A n-pentane
thermometer was used and precautions to exclude moisture were
" taken. The time~temperature curves were plotted, bdut they
414 not show any transition periods. Liquid oxygen was then
used to cool quinol dimethyl ether to -200°C, but egain the

rotation of the methyl group was not indicated,
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Atomic Sgattering Curves.

Originally the aoattering curve gifen for hydro-

carbons by Je. M. Robertson>’

was used for all the atoms in
the molecule, weighting the atomic scsttering factor of oxye
gen atoms in the ratio of 8 to 6 with respect to the carbon
atoms, This curve had bsen §bta1ned from the X-ray meassure-
mente performed on graphite and hexamethylbenzene and had
been corrected, extended and calibrated with the anthracene
results, It was found, however, that the 6beerved values

of ¥ were consistently lower than the caloulated ¥ values for
amﬁll spacing planes, while those of large epacing tended to
be slightly higher. The Robertson's curve wae therefore
8lightly modified and the f-values used are as follows:-
(max™, £=1), =

8ing 0.l 0.2 063 0.4 08 0.6 0.7 0.8 09
A=1.54 A 1
sesde

£ J740 B74 446 L3338 245 176 L1222 LO79 L047

On ocomparison with Robertson's values it can be seen that they
are almost identical for planes of 8in 0< 0,6, the main dif-
ference between the two curves lying in the fact that the curve
used for quinol dimethyl ether gives lower values of the atomio
scattering factor for small spacing planes, This alteration
seemed to be justified, since 1:4 dimethoxybenzene is a very

volatile ocompound and there was little doubt that the tempee
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rature factor was larger than in the case of oompo;nds from
which Rouertson's values of atomic scattering factors had been
derived.
The structure factore were recalculated weighting
the oxygen atoms in the ratio of 9 to 6 with respect to the
oarbon atoms, but there was no improvement in the agreement
with F observed, This method was therefore abandoned.
It wag found, however, that the disorepancy bet-
ween F observed and those caloulated would decrease oconsider=
ably 17 a different scattering curve was used for the carbdon
atom of the methyl group (Cm)' The effeot of several curves
on the valuee of caloulated F's was studied and the curve which
gave the best results was used and is given below:=-
(max, !om"'*l')" - | |
8in0 O.l 0.8 043 0,4 08 046 0.7 048 0.9
A=1.54 ‘
fo, +870 0606 430 4307 .221 186 .108 .063 .032

‘..2‘

This ocurve orossed Robertson's curve at ein 0-=0,255. It gave
slightly higher f valuee for planes of sin 0<0.855, but con-
siderably lower values for small epacing planes., The devia-
tion of thie curve from Hobertson's is more marked than in the
oase of the curve no. l., but the deviation is in the same di-
reoﬁion. The fact that the methyl group is more mobile than

the rest of the molecule was also indicated by the shape of
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the atom C, on the X~ray eléotron density map,
' The ocurve Lo, 1 was therefore used only for the
oxygen atoms and for the carbon atoms of the bengene ring.
The third scattering curve was used for the hydro-
gen atoms, The curve No. 1 ueed for theee‘atoma was found
unsatisfactory, as, although a better agreement between the
values of ébserved and F caloulated resulted for most of the
large epacing planes, the agfeemont became worse for all the
| planee of 8in@ >0.,7, Thie indicated that hydrogen atoms
should not contribute at all to the values of thé atructure
factors of small spacing planes. The scattering curve used
by Morrisonao for the hydrogenratoms of sebacic acid was
therefore adopted. The following values were used for ite
plotting;- (tn mak. = 1),
8in0 0,0 04l 0,8 03 0Ved 0486 0,6 0.7
A=1,54 K ‘
Ty 1 483 58 .36 .20 4087 L0289 O

....30

G U R A G AR DGR WP W A G W T AP B TS

The discrepancy between F measured and ngﬁfgulated

by mesns of the formila:-

2:(]1 meas.| -~ [F calc.|)
S |7 meas.|

The discrepancies found were: 12.,2% for the (Okl)
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gone, 11,54 for the (hOl) zone, 9,1% for the (hkO) zone, and
13.0% for all the reflections. ‘

These resulte included the discrepancies for all the
unobserved reflections. Thie was done by including in the
nﬁmerqtor of the above expression the valués obtained from
subtracting P measured from F calculated, whenever the value
of the latter was greater than the maximum possible value of’
F observed,

The F values of all these unobserved reflections
were omitted for the ocalaulation of the total sum of F meas,
and F caloulated, and therefore di& not affect the value of
the denominator of the above formula. (LF calo, = 1185.5;

LF meas, - 1192,5), If the F values of all the unobserved
reflections were not taken into sccount, the discrepancy de-
oreased hy approximately 0.5% for the (Okl) and (hOl) sones,
the difference being negligible for the (hkO) sone. The
total diecrepancy in this case was 12.4%.

All these values were obtained after the introduction
of the contribution made by the hydrogen atoms, which had |
lowered the discrepancy for all the reflections by 4%. The
lowertng of discorepancy was therefore not 80 marked as in the
case of sebacioc aoidso, which gave a lowering of discrepancy
by 5.4% for the reflections of sin €<0.4. This result was,
bowever, expected, eince the percentage of hydrogen atoms

for all atoms in the molecule is lower in the case of quinol



dimethyl ether,

The introduction of the contribution made by the
hydrogen atoms affected the values of F of large 8pacing hlanea
to a remarkable degree, and in the case of the (021) plane a
change of phase constant was obtained.

Thease results indicate that if the ocontribution
made by the hydrogen atome is not taken into account, it is
advisable to omit the values of F of very weak, large spacing
planes for the Fourier synthesise, aes their phase constants
are doubtful in spite of the good agreement which might be
found between thc corresponding ¥ calculated and F msasnréd
values,

A small list of some of the planes the P values of
which were affected st by the intreduction of the hydro-
gen atoms' contribution is given in Table IV,

The general agreement between F values was found
to be much more satiefagtory after accounting for contribu-
tions made by the hydrogen atoms and the mathematical cor=-

rection advocated by Booth®l were not carried out.



Table IV,
hkl F meas, ¥ oaloc,
A B

020 27.0 ~2540 -21,5
008 34.0 3745 40,0
004 25,0 «2645 ~2845
008 24.0 «23.0 «27.5
021 25 8 - 7.0
022 3.0 3.0 5.0
029 10.0 «18,6 -14.,0
lo2 3.5 4.5 1.5
104 23.0 =-23.0 -£0.0
106 B TY - 4eb 1.0
108 13.5 14.0 10,0
gog 7¢5 : 5.0 9D
206 13.0 11,0 13,8
208 15.0 «15.0 «16.5
210 54.5 57.0 48,0
220 2,5 - 8,0 = 7.8
410 16.0 1845 #0.5

A'= the contribution msde by the pydrogen atoms being included,
B = ? ocalculated before this contribution was taken into aoccomt



Table V,

Measured and caloulated values of the structure factor.

hkl e&in 0 P meas, F,calc, hkl #in ¢ F,meas, F,calc.
| (A=1.54) (A=1.54)
200 0,211 96,5  96.5 024 0.308 8.0 = 7.0
400 0.422 8.5 9.0 028 0,338 16,56  12.5
600 0,633 1.5 = 3.0 026 04371 36,5 <=37.0
800 0.848 5.5 5.0 027 0.407 3.0 645
020 04245 27,0 25,0 028 0,445 10,0 -12,5
040 0,489 36,5 =35.5 029 0,485 10,0 -12,5
060 0,733 4.0 6.0 0210 0,526 < 2.0 0.5
080 04977 2,5 - 2,0 ‘02;1 0.667 4.0 - 1.5
002 04093 34.0 37,5 OBlZ 04610 <25 = 3,6
004 0.186 25,0 -26.0 OBl3 04682 6.0 = 6.0
006 0.279 33,0  31.5 0214 0.696 5.5 3.0
008 04372 24,0 =23.0 0815 04739 16.0 =17.5
0010 0.485 22,0 =20.5 0216 0,783 3.5 3.0
0012 0,558 26,5 27.0 ORl7 0.828 <2,5 = 2,0
0014 0.651 11,8 11,5 0218 0.872 < 2,0 = 1,0
0016 0,744 1.3 = 1,0 0219 0,917 < 2,0 2,5
0018 0,837 2,0 2,0 0220 0,962 <15 = 0.5
0020 0.930 2,8 - 1.0 04l 0.491 <2,0 0
042 0.498 2,0 - 2.8
021 O0.249 2.8 2.5 043 0,508 3.0 0.8
082 0,288 3.0 3.0 044 0,583 10,0 9.5

023 o0.282 11.0 -11.0 045 0.541 3.0 =« 2.0
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Table V, - continued.

bkl #in ¢ P, meas. F,calac, hkl ein ¢ F,meas, F,csaloc,
(A=1.54) (A=1,54)

046 0,663 4.0 = 3.5 0611 0.894 < 2.0 0
047 0.587 7,0 8.0 0612 0,922 < 2,0 1.6
048 04614 11,0 12,5 0613 04950 < 1.5 0
049 0,643 15,0 17,0 0614 0,980 <1,0 = 1.5
0410 04675 10,6  10.0 08l 0,978 <10 = 1.0
0411 0.708 < 2.8 345 082 0,982 <1.0 = 1.0
0412 0,742  B.5 = 645 083 04987 < 1,0 = 0.5
0413 0,778 <25 = 0.5 084 04995 < 1.0 = 1,0
O4lé 04814 3.5 = 345

0416 0,852 4.8 3.5 102 0.4l 3.5 4.5
0416 0,890 < 2,0 0 104 0,215 23,0 -83.,0
0417 0,930 <15 = 0,5 106 04300 645 4.5
0418 0,969 <18 - 1.0 108 0,390 13.5  14.0
061 0,738 <2,5 = 1.5 1010 0,479 5.5 6.5
062 0,739 4.8 = 6,0 1012 0,570 12.5 12,5
063 0,746 2.5 = 4.5 1014 0,662 7.0 7.5
064 0,757 < 2,8 - 1,0 1016 0,752 1.0 1.0
065 04769 5.5 = 640 1018 0,844 2.5 1.5
066 0,785 14,56  15.5 1Q280 0,936 < 0,5 0
067 0,808 3.5 = 3.0 202 0,231 7,5 5.0
068 0,822 6.5 5.0 204 0,282 26,6 -26.5
089 0,845 < 2,5 045 206 04361 13,0  11.0

0610 0,868 < 2,0 =~ 1.8 208 0,429 15,0 15,0



2010
2012
2014
2016
2018
2020
302
304
306
308

3010

3014

3016 -

8018
3020
402

404
406

408

4012
4014

ein ¢ F,meas., F,caloc,

(2A=1.54)
0,514 15.0
0.599 18,0
0687 10.0
0774 4.0
04864 < 045
04954 1.5
04330 4.0
0.368 2040
04423 3.5
0.489 7.0
0.564 7.5
0.643 18,0
0,727 8.5
0,809 1.0
0.895 3.5
0,982 < 045
04433 14,0
0,461 24,0
0,506 2.0
0.563 2.5
0.629 ° 7.0
0.702 8.0
0.778 6.0

-15,0
1845
9.0

-~ 3.5
0

- 0.5
- 2,0
-24,5
2.0
11,5
7.0
18,0
9.5
0.5
245

«16,0
-27,0
- 245
- 2.0
- 7.5

7.0

5.0

hkl

4016
4018
502
504
506
508
5010
5012
5014
5016

- 5018
602
604
606
608
6010
6012
6014

6016

702

704

706
708

Table V., continued,

8in 0 F, meas,

(A=1.54)

0.858 7,0
0,938 3.5
0.586 2,0
04560 2.0
0,697 1.5
0,646 1,0
0.704 <1.0
04769 440
0,838 < 0.5
00913 < 046
04990 < 0,5
04639 7.5
06659 11.5
0,893 445
0.735 < 1.0
0,786 1,5
04845 3.5
0,908 3.0
0,977 4.0
0,746 1.5
0.762 4,0
0,790 2.0
0,828 3.5
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?' 08101

- 548
- 2,0
« 1.0
- 64
1.0
1.0
- 045
4.0

- 1.5
0.5
- 6
«12,5
- 4.5
2.0
- 3.0
2.0
3.0
- 340
- 248
7%)
1.0
- 3.5



hicl
7010
012
7014
802
804
806
808
8010
902

904
906

210
220
230
240
250
£60
270

gin 0 P, meas,

(A=1,54)
0.873 2.5
0,986 4.5
0.984 4.0
0.850 1.8
0.865 2.5
0.889 8,0
0,923 2.0
0,964 <045
0.955 < 0.8
0.968 2,0
04991 < 048
0.244 54,5
04323 2,5
0.4283 9.5
0,532 21,0
0,646 8,5
0,763 1,5
0,881 < 1,0

Table V, - continued.

F,calom

- 8,0
- 24,0
- 3.0
2,0

- 246
- 0.8
0

- 1.0
- 1.5
2.0
0eb

57.0
- 24,0
8.0
=21.0
- 865
3.0
0.5

hkl

280
410
420
430

450
460
470
610
620
630
640
650
660
810
820
830
840

sin 0 F, meas,

(7-1.564)
04999 < 0.8
0.440 15,0
04488 5.6
04559 5.0
0,646 4.0
0s743 2.5
00846 3.0
0,954 <1.0
0.640 6.5
0,679 5.0
04732 1.5
04800 < 1.5
0.880 1,5
0e969 2,5
0.854 8,0
04879 1.5
04921 2,0
0,976 2,0

F,calc.

« 1.0
18.5
7.0
4.0

- 3.0
- 4,0
- 0,8

- 7.0
5.0
- 2,0
0
1.0
- 0.8
- 7¢b
065
- 2,0
« 1.5

49
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DISCUSSION OF RESULTS.

The most striking feature of the resulte of the
I-ray analysis of quinol dimethyl ether is that the C-C bonds
0f the bensene ring vary considerably in length,

These obaervations are esupported by the results of
the X-ray analyeis of anthracene®? ana graphitesz, 8ince in
both of these substancee the bonds in the benzene rings were
found to vary from 1.36 A« t0 l.44 A, Considerable differ-
ences in length of these bonde were also obtained in the case

34 and para—nxtranilinesac

of naphthalene

Before any attempt is made to explain the bond length
variationg in quinol dimethyl ether, it i8 necessary to decide
whether these are experimentally significant.

J. M. Bobertson and J. G. White36 studied experi-
mentally the accuraoy obtained by two-dimensional X-ray ana-
lyeis and Fourier series methods and they reached the conclu-
sion that the convergence of the Fourier series is of much
~greater importance than the extreme accuracy of intensity meas-
urements, They found that for a convergent series with care-

fully determined intensities the maximum error in bond lengths
in a complex struoture, should not exoceed 0.03 A, |

In the case of quinol dimethyl ether both of these

conditions were satisfied and therefore it can be assumed that

the accuracy of the bond lengths lies within +0,02 A, or t0,03A.
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In the "Experimental” section of this work a full account may
be found of all precautions taken to ensure acocurate intensity
measurements. The series were fairly ocomplete, since 60% of
all poseible reflections were used for the final projection
along the a axis and 81% for the projeotion aslong the b axis,

The ocoordinates of the atoms in the asymmetric unit
were derived by the method of direct adjustment to give the
best agreement between structure factors calculated from obd-
served intensities and those caloulated from trial structures.
The satisfactory agreements were obtained and they are support-
ing the results of this work,

Purther, since all the atoms of the ssymmetric unit
were fully resolved on the projection along the s axis the ace
curacy of the analyeis was inoreased.

The bonds Cy-0, 0-Cy, C;-Cp, and Og-Cz, were found
to vary in length by a small amount, approxim;tely equal in

each case, The fbllowing reeults were obtaineds -

Bond, Lengthe
Cp~0 1,304 A,
0 <0y 1,388 A.
Cy=Cy 1,362 4,
Cp=Cyg 1,368 A.

Fo importance can be attached to this gradual increase
in the bond lengths along the chain Cp~0-Cy~Cg-Cz, however, un-

¢1l1 1t ocould be confirmed by more reliable results from a three=-
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dimensional Pourler snalyeis of thies compound, It oan only
be said, that these four bonds tend towarde equality in length
and that the molecule sppears to consist of two of these

"ohains"™ Jjoined by the two longer C;-Cg ané Cz~Cq bonds.

The lengths of the bensene ring carbon-ocsrbon bonds
give an average value of 1,39 4., and tio sgme is also true
for the distences between the individual oarbon atoms of the
benzene ring and the centre of the molecule,

The valenoy angles are probably acourate to 1,59,
It may be significant however, that the two angles <(yp0Cy
and <Cj0gCy, whioh are connected with the "chain" of four ap-
proximately equal bonds (they are shown in the ab;vo drawing)
were found to be almost identical, (120.9° and 121.1° respect-
ively), whereas the angle <O0303Cy is appreciably smaller. The
average value of valenoy angles of the benzene ring is 120°,

The four bonds of each of the "ohains" were found to
be ooplnhar withina the experimental error., The coplanarity of

all the atoms of the asymmetric unit wae tested with respect to
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the moleoular plane passing thwough C;, Op and the centre of
the bensene ring. On examining the atomio coordinates with
respect to the molecular axis K, (Table III) it can be seen
that if another plane were chosen passing through the Cp, O,
and O; etoms, the remaining two atome of the "chain", i.e. Cp
and Cz, would not be distant from it by more than 0,03 4.
This is due to the fact that the coordinates of Cp and O with
respect to the I axis have small negative values, whereas that
of 03 is positive, In addition to being ocoplanar, the four
"ghain" bonds were found to be arranged in a sigsag fashion,
the alternative bonds being almost parallel to each other,
This arrangement is reminiadcnt of that found in aliphatic
conjugated systems and it will be referred to later, when an
attempt will be made to explain the results obtained,

With regard to the planarity of the molecule as a
whole, the resulte are in favour of the coplanarity of all
the atoms of the molecule with the exception of the four me-
thyl hyﬂrogen‘atoms and the 06 and C; atoms, The latier were
found to lie 0,06 A. below and above the plane 0f the mole-
cule respectively. This distance appears to be too great
to be due solely to experimental error,. It also seems sig-
nificant thit this slight puckering of the benzene ring mani-
fested itself at the bonde of smallest double-bond character,

With regard to the poeition of the methyl greup, it
should be added that since the C)}~0 bond was found to have a

e e S e e e
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considerable amount of double~bond sharacter a restrioction of
rotation of the methyl group around that bond may be expected.
The struoture in which it ie situated in the plane of the
bensene ring may be the most stable, ae was indeed indicated
by Paulinga'. In his interpretation of the infra-red sbsorp-

tion spectra of ortho substituted phenols, he predicted that

the hydrogen atom of the hydroxyl group should lie in the plane’ ;

of the bengzene ring., 0. R. Walf and coworkers® verified
experimentally the above prediction and applied it to the poe
sition of the methyl group in gualacol.

All the intermolecular distances were found to agree
with the sum of the corresponding van der Waals atomic radii,
Thie result ie in agreement with the volatiiity of the com-
pound and it indicates that the differences in the bond lengths
are not ocsaused by the positions of the moleoules with respect

to each other,
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At first the following eight resonance structures

were considered to contribute most to the normal state of

the molecule,

LRI R

1 i | v v | w v

It was assumed that thﬁso structuree made equal cone
tributions and the average double-bond charaoter wus computed
for each link, These are shown as percentage double-bond
charaoter: in Fig., 9a. Using the Panling-Brookway39 curve
the corresponding bond lengths were derived and they are given
in Fig. 9b,

The C;~0 bond length was calculated by means of
Pauling-Brookway equation.

R =B - (B - Bp) —0x

(2x « 1)

where:-

R = interatomic distance for the bond 0f inter-

mediate typse.
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Ry = the length of the single bond, C-0 = 1.51 A,

This value was obtained by adding the single
covalent dbond radii of the carbon and oxygen
atoms, The correated value of Schomaker and
steveneon®® for the eingle bond radius of the
oxygen atom (0,74 A,) was taken,

Rp = the length of the double bond C =0, i.e. 1.2154,
The double bond radil taken to give this valus
were: 0,665 A, for the carbon and 0,56 4, for

the oxygen atom.‘l

x = the amount of the double-bond character,

‘Por convenient comparison 0f the derived bond lengths

with the measured values, the latter are repeated in Fig. 9c.

!3.8 o 9
o i3,
373 132
) 23 NY) Ly
23 625 37 137 137
a b c
Bond orders, 4 Distances Distances

caloulated, measured ,
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The Cy40g and Cg=Cz bond lengthe were found to be
in very good agreement with the values obtained by means of
the Pauling-Brockway curve., This held also for the oppoeite
03-04 and Cg-Cq bonds, becauss the molecule possesses a centre
of symmetry, This was rather an unexpected result as there
was little doudbt that of the above eight structures, I and II
would contribute more than the remaining esix, in which the ‘
charges placed on the carbon snd oxygen atoms were not in
agreement with the electronegative character of these atoms,

On comparison of the remaining bond distances it
was found that the measured 0-C, and C3-Cz bond lengths were
shorter than the corresponding calculated valueas by 0,16 A.
and 0,08 A, reepectively. The 01—0 bond on the other hand
was 0,04 A, longer. |

It should be added that if the value given by
Pauling and ﬂnggin31° for the single bond’oxygen radius
(0.66 A,) was used instead of the Sohomaker and Stevenson
value, both the 0-C, and C;-Cp bonde showed shertening by
0,08 4,, whereas the 0-C, bond was found to be 0.07 A. longer

than the expected value,
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The oconsideration of the contribution made by the

following structures to the normal state of the molecule

affords a better explanation of the results obtained,

'C\ NFC\ ‘P‘\ 'F‘-\ ".‘\ H.C\ N.‘;
1\“ e N Na TN TN TN

Il X X Xl X XN XV

e

\0
N

CH,

The structures IX - XIV differ from those gconsidered
previously only in that the first order hyperconjugation is

[ 4

introduced.

In addition to the type of resonance existing in con-

42
a’

Jjugated struotures to whioh C.K. Ingol gave the name "meso-

merism”, a new type of resonance which was firet known as "Ba-

43

ker-Hathan effect™ and is now referred to as hyperconjugation

has appeared in various theoretical investigations. Quantum-
mechanical studies*® nave aleo indicated the necessity of in-
troducing the concept of hyperconjugation, and in these the
three C-H bonds in a methyl group were likened to a triple bond.
This similarity was oﬁphaaiaed by writing -C 3 Hz, The -C & Hy
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although muoh more saturated than a true carbon to carbon
triple dbond, has been shown to possess a considerable conjue
gating power,

There are two types of hyperconjugsation, First or-
der hyperoconjugation takes place when the carbon to hydrogen
bonde enter into hyperconjugative resonance across the inter-
vening C~C single bond with a second double dr triple bond.
Second order hyperconjugation on the okher hand involves hyper-
oonjugative resonance of the C-H bonds with other sultadly
placed carbon to hydrogen bonds, The effects of resonance of
the first ordef hyperconjugation are very marked and in many
cases a considerable strengthening and shortening of the accep-
tor bonds has been observed. The double-bond character of
the donor bonds, howerer, was invariably found to be affected
very little, only slight lengthening of these bonds being Ob-
tained,

The structures which showed the presence of hyper-
conjugation were found to be stabiliéed by the resonance ener-
8y gained from the additional resonance,

Recently the concept of hyperoonjugation has been
used to explain the results of several X-ray analyses., G. A.
Jef!rcy'attributod the shortening of C-C bonde in geranylamine
byarochloride®® and in aivensy1’” to the hyperconjugation pro-
cess in whioch the methylenic electrons became partially locae
lised in theee donds, The bond length variations in A-suce

oinio‘s, adipio‘v'and aebacioao acide could sleo be explained
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On this basis,

The application of thie type of resonance to quinol
dimethyl ether appears to explain the results obtaiued. The
assumption that the eight structures I, II and IX---XIV, con=-
tribute to the normsl state of the molecule to the same extent
seems to be more reasonable than that made previously, Owing
to the stabilisation by hyperconjugatioh. the strnotﬁrea IX -
XIV are expected to contridbute much more than the ocorrespond-
ing III - VIII stiuctures, which are shown on page 55, It 18
diffiocult to say whether the structures III - VIII contribute
at all, or if so, to what extent, This does not complicate
however, the calculations of the double-bond character for
the bonds in the molecule, The arrangement of bonde in the
structure IX 1s the same a8 in the etruoutre III snd so on
for the remaining pairs of corresponding struotures, It there-
fore a general assumption is made that each of these péira of
structures does not contribute more or lese than the Kekulé
structures I or II, no further specifications are necesasary
and the percentage double~bond character for each dbond is the
same ag that given in Fig. 9a. It follows, therefore, that,
a8 before, the measured bond lengths of the benzene ring with
the exception of those of the C3-Cg and Cg-Cy bonds are in
very good agreement with the valuee derived by means of the
Pauling-Brockway ourve, If a further assumption is made that
hyperconjdgation effects are propagated along the bonds of the



61

benzene ring, which are in the 'trans' poeition to the methyl
groups, all the deviations of the observed bond lengths from
those calculated can be accounted for, Thus, in addition t
the considerable shortening of the acceptor Cy-0 bonds, the
C1~-Cg and Cy«Cy bonds would aleo be shortemed, whereas the
bonds Joining the oxygen atoms to the benzene ring, being
donor bonds, would be slightly lengthened. |

The application of the comcept of hyperconjugation
to quinol dimethyl ether is not oomplete wdthout some consi-
deration of additional resonance struotures, in which one of
the hydrogen atome of sach of the methyl groups acquires a
positive charge and the Cp-0 and C3-Cg bonds become double
bonds., 4 more detailed inveetigation of this kind however,
would not explain the observed bond length variations on a
quantitative basisa, A consideration of any unconventional
structure should be withheld until more reliable results are
presented by a three~dimensional X-ray analysis.

The suggested explanation of the structure of qui-
nol dimethyl ether is not entirely unsupported by physical
and chemical evidence.,

Hyperconjugation is expeoted to stabllise the planar
arrangement of the resonating bonds and this is in agreement
with the results of X-ray analysis, as each of the two chains
of four equal bondes (including one of the hydrogen atoms of

each of the methyl groups) was found to be planar,
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The bensens ring has approximately the same conjue-
gating power as a C-C double bond%8, and since it has been shown
to enter into hyperconjugative resonance with the substituent
groups, e.,g. in toluene, there is no obvious reason why this
should not be the cace in quinol dimethyl ether,

" Re S. Mulliken? studied moleoular refractivities of
methyl_derivatives 0f butadienes and came to the conclusion
that the large exaltations of the end-substituted butadienes
were due to hyperconjugative resonance along the "trans-trans-
trans,.." arrsngement of their C-C and CsHz bonds, This sug-
gestion was later confirmed by Hannay and Smythbo. who studied
the structure of methylated butadienes by means of dipole mo=
ment measurements, Although the structure of butadiened?
appears to have planar and "trans" configuration, the struc-
ture of 2:3 dimethylbutadiene was shown by the above workers
to have predominantly "g¢is"™ arrangement of ite ethylenic bonds

with respect to each other,

HC CH,
V4
Ve
/0 N\
HC CH,

The stabilisation of this configuration may dbe due
to the more important hyperconjugative resonance between the
h GeCgatouss,

methyl groups and the ocorresponding ethylenic bonds, These

hyperoonjugating bonds are in the above structure in "trans”
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position with redpect to each other, Thus the configuration
in which the methyl groups are "trans" with reepect to the
bonds of greater double~bond character appears to be more stable.
The results of the X-ray analysis of quinol dimethyl ether are
in agreement with the adbove conclusion, since the methyl groups
were found in "trans" position to the C-C bondes of the benzene
ring with which they are hyperconjugated,

In support of hyperconjugation taking place through
the doubly linked oxygen atom, it should be added that in the
cagse of methyl methacrylate the stabilisation of the two struc-

“tures shown below may also be due to hyperconjugation,

d CH,
Hf\o No+
| I
G AN
ch—¢” O CH;‘E 0
CH, CH,

The conjugation of an ethylenic double bond with the carbonyl
group of the ocarbalkoxy group appears to bde ineffective, and

to explain this Whelandd2 suggested that this kind of resonance
may interfere with a mmoh more important reeonance within the
carbomethoxy group itself, which stabilises the two above

structures,

%o Ho Perkin® measurea the magnetic rotation of quinol
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dimethyl ether and obtalned the value 164,717, The calculated
value for this compound ie 10,876 and therefore the magneto~
rotatory exaltation ie mmoh higher than that of benzene,
(8.841 and 3,34, respectively)., The magnetorotatory exaltation
of bensene 18 caused by the conjugative resonance and in the
care 0f quinol dimethyl ether the considerable inorease of
exaltation over and above the value for its benzene ring may
be due to hyperconjugation. Lhis euggestion is further
supported by the fact that the magnetic rotation for guinol
dimethyl ether has a higher value than expected when oome
pared with the value obtained for veratrole. The hyperconju-
gative resonance in the latter is expected to be smaller
owing to the less favourable poeition of the methyl groups.

Dr. Goodwin chlcnlatod the resonance energy of quinol
dimethyl ether and obtained the value of 65 kg.-cal. This
value is oconsiderably higher than the Pesonance energy of
bensene (41 kge.-cal,) and phenol (50 kg.-oal.) and this inorease

in the resonance energy may be due tq hyperconjugation,




65

The dipole moment of s disubstitnxod benzene ring
in para position 18 given by: = -, where « and ., are .
the moments of the two substituents, provided the benzene ring
is assumed to be a regular and planar hexagon., Thus in the
case where the two substitutents are identioal the compound
should have sero dipole moment, Juinol dimethyl ether, howe

ever, has moment of 1.67 Debye unitsll

a8 measured in benzene
solution, and various explanations of this deviation from the
theoretical value were suggested.

Aoocording to J. We willlame®? the large momént of
this ocompound could be ascribed to the fact that the two bonds
Joining carbon atoms to the oxygen atom do not lie on a atxaight
line, The molecule might have therefore, one of the two struc-
tures shown below, in which the two sidegroups ame not situ-

ated in the plane of the bensene ring.

M

In 1930 L. Moyor54 caloulated the resultant moment
of quinol dimethyl ether assuming free rotation of the methyl
groups round the bonds between the oxygen and the benzene car-
bon atoms. He obtained the value 1,5 D,

I. Esternann®® oconsidered the view in whioh the sub-
stituent groups are assumed as fixed dipoles and the benzene

ring a8 neutral carrier, as not at all satisfactory. He re-
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garded the substituents as strongly distorted ions, which give
rise to a displacement of the charges on the bensene ring and
40 not form a dipole unless in combination with this "distor-
ted" residue, |

There is no doubt that the rdle played by the benzene
ring ie important and that the contribution of possible reson-
ance structures should be taken into eccount, if a guantita-
tive explanation of the value of the dipole moment is to be
offered,

The effeot of hyperconjugation on the dipole moment
of many oompounde has been studied by C, P, Smyth and coworkeri6
and they found that an increase in moment i8s produced when a
hydrogen atom adjacent to a double bond 18 replaced by a me-
thyl group. It appears therefore that in the case of quinol
dimethyl ether hyperconjugation may be responsible for the
difference between the observed dipole moment (1467 Do) and
the value oWtained by Meyer. (1.5 D,) |

Quinol dimethyl efher has the "trans” configuration
in the s0lid state and the high value of the dipole moment
measured in bensene solution may be explained by the fact that
the solute ﬁoleculoi are not completely rigid when subjected
to the bombardment of the solvent moleoules, or that the so-
lute molecules are much distorted bdy foroces only operative in
golution, 8o that a stable defleotion of the polar links is

caugsed, The firet explanation, which was used by Meyer, ie
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more likely to be ocorrect, especially sa the main difficulty,
the faot that the observed value of the dipole moment is
higher than the maximum caloculated value of 1.5 D., appears to
be solved, |

Against both of the above explanations i® the faoct
that the effect of rise of temperature should dbe to produce
a higher value for the resultant moment due to increasing ine
tramolecular rotation, the measurements of Hassel and Raoshagetl

show, however, that the dipole moment of guinol dimethyl ether
‘19 not altered by a change in temperature., It is posesible,
however, that the rotation of the methyl groups is completely
free in benzene solution even at an ordinary temperature, 8o
that the rise of tempsrature would not give different values
of dipole meoment.

Hyperconjugation may be expected to stabilise the
planar srrangement of the molecule and to prevent free rota-
tion of the methyl groups round?u.ro a8 well as 0-0; bonds.
This effeat however, is probably too small to prevent the ro-
tation of the 0Nz groups on bombardment by the solvent mole-
oules. This explanation is in agreement with the work of
R 8, Mulliken®', who concluded that the atabilisation by
hypereonjugation of a plane arrangement of chains of hydxo-
ocarbons and their aoids is probable, but it is doubkful whe-
ther it would be of appreciable importance quantitatively,

It seems probable that the gradual increase in the
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dipole moment value for dimethyl ethers of catechol, resor~
oinol and quinol (1,31, 1,59 and 1,67 D. respectively) may de
due to the fact that in the latter compounds more C-C bonds of
thé benzene ring may be involved in the hyperoonjugative re-

sonance, leading to a greater separation of charges.

The results of the orystal analysis of quinol dime-
thyl ether appear to eluoidate the infra-red spectrum of guaia-
o0l, |

Oe Ro Walf and U, Lidde1®8

absorption epectra of several aromatic oompounds ocontaining

studied the infra-red

hydroxyl groups, Thelr work'hae been oarried out in ocarbon
tetraschloride solution, They found that all these sudstances
showed a characteristic absorption, which they believed to bde
due to vidbrations of the phenolic hydrogen to and from the
oxygen atom to whioch it is linked. They have aleo presented
the evidence for the existence of measurable influence on this
abeorption by coupling of the hydroxyl group with an adjacent
group in the moleocule, Such inflauence oconsisted in pronounced
frequency shifts and often splitting of the peak into two come

ponents,
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Thesc results were interpreted by Linus Panlin537
who arrived at the following conocluseions regarding the struce
ture of phenol, o~chlorophenol and catechol.

In the case of phenol only one absorption peak due
t0 the hydroxyl group was obtained at frequency 7050 om.

The doubdle-bond character of the C-0 bond causes the hydrogen
atom to lie in the plane of the rest of the molooule; The

phenol molecule can thus assume either of the two configura-

H\o O/H

These two forms are equivalent and therefore only

tions,

one absorption pesk is expected,

O-chlorophenol gave two peaks, one at 7050 om, and
the other at 6910 om. , the ares of the latter being about ten
times that of the former. <fauling attributed this result to
the fact that o-chlorophencl in carbon tetrachloride solution
consiete of about 91% "oie" and 9% "trans" moleoules,

H
H\o 0/

-0
0

trans cis



70

The "ois" form is stabilised by the interaction bet-
ween H and Cl and it gives rise to the larger peak at the lower
frequency. The peaks are well resolved, showing that mole-
cules with intermediate configurations are not present in ap-
preciable amountse,

The infra-red spectrum of catechol showed two nearly
equal pesks, one at the’frequenoy of the OH group of phenol
and the other at a lower frequenoy (7060 om, and 6970 om. ,
respectively). Pauling suggested that catechol has the struc~
ture in which one hydroxyl group is "ois” and the other “trans”
with respect to each other,

H
S0 W

5

¢is -trams
Each 0f these hydroxyl groups of this configuration
gives rise to an absorption peak, the "cis" OH being respon-
sible for the peak at the lower frequenasy dwing t0 the inter-
action between its hydrogen atom and the oxygen atom of the
"trans" group. If any of the other possible oonfigurations
were present to an apprecisble amount the absorption peaks

would not be egual,
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The effect of ortho substitution on the absorption
of the hydroxyl group of phenol in the infra-red was further
studied by O, R, Wulf, U, Liddel and S, B, Hendrickn3a, and
they found that all the examined mspectra appeared to possess
csharaoteristice whioh are strikingly in accord with Pauling's
interpretation, Of special intereet is the infra-red spectrum
of guaiacol whlah showed only one sharp OH absorption peak at
8 slightly lower frequency than the one given by the "cia"
peak of catechol. (6930 om. )s This result led Walf and his
coworkers to the conclusion that out of the four possible
configurations given below, the fourth one represents the

structure of this compound,

CHsg Chso CH~g
0
l-ceis A-trans 3-trans 4-cis

0f the two "ois"™ forme the first one was considered
to be unstable on sccount of the repulsion of similarly
charged hydrogen atoms,

The accepted oconfiguration possesses the OH group
in "ois" position with respect to the "trans" OCHz group and
was expected t0 be stabilised by the attraotion of the proton
of the hydroxyl group by the dipole moment of the methoxy group,

The guaiacol absorption peak is, however, at a considerably
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bigher frequency than the "cis" peak shown by the compounds
with the iodine or bromine atom in the ortho position to the
OH groupy This indicated that the stabilising effedt in
guaiacol is not so graeast as in the compounds stabilised by the
halogen-hydrogen intoraction.l In the case of halogen deri-
vatives the "trans” form waeg found to be present to an appre-
ciable amount, whereas the spectrum of guaiacol 414 not show
any presence of the "trans" configuration in spite of the fact,
that the stabilieing effect appesred to be smaller,

These resulte led Wulf and his coworkers to the con-
clusion that the "ois"™ form of gusiacol is more stable than
indicated by the frequency of its OH absorption peak, i.e,,
the greater energy ditferenco between the "ois" and "trans”
forms of the hydroxyl group of guaiacol as compared with the
corresponding energy difference in halogen compounds did not
manifest itself in a lowering of the #requency of the OH ab-
sorption, This appeared to be possidble as the form of the
potential ourve of the vibrating hydroxyl group was expected
to be &ifferent in the case of gualacol from that in the hae
logen compounds owing to the different nature of the attrac-
tion of the hydrogen atom.

Their alternative explanation was that there was a
oonsiderable amount of the "trans" form present, but that the
difference in the absorption coefficients for the two forms

have led to the formation of the "cis" absorption peak only,
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This interpretation was, however, in ocontrast to that presumed
to be true in the case of ocatechol,

In quinol dimethyl ether the C-0 bond 0f the bensene
ring, whioch i{s "trans" to the C-0 bond of the methoxy group,
was found to possess greater double-dond character than the
C~C bond in the "cis" position and a qualitative explanation
of this has been suggested.

It appears probable that in guaiacol hyperconjuga-
tion is also taking plsce and that the resonance effects are
propagated along the Cy-Cp bond of the bensene ring in a way
eimilar to that in quinol dimethyl ether, A8 a result of
this, it 1s possible that the OH group may be more likely to
be attached to the Cp than to the Cg carbon atom of the bene
sene ring, If this is assumed to be the case, only the third
and the fourth configuration of guaiacol, shown on page 71,
remain to be coneidered, They differ 0nly in the ponitioﬁ
of the hydrogen atom with respeot to the mnthoxy‘gronp. Thex
is no doubdt, thet the fourth"ois” form is stabilised by the
attraction between the hydrogen atom of the OH group and the
oxygen atom of the methoxy group, but this stabilising effect
mset be lmail, not only because it manifested iteelf only in
a slight shift of the frequenoy of the OH abeorption peak, but
also, as Gordy59 demonstrated, the proton attraction character
of the oxygen atom in aromatio ethers is quite low compared

with that in aliphatic ekhers. In addition, according to
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Pauling®® the 0-H,..0 hydrogen bond formed in guaiacol is
weak, because of iho unfavourable steric conditions, The
fact, that the resonance structures of guaiscol in which hy-
perconjugation is taking plasce are expected to contribute to
the normal state of the molecule to a considerable degree,
also supports this suggestion, since they involve a positively
charged oxygen atom of the methoxy group.

The absence of the "trans” form of guaiacol, however,
points to a considerable stabilisation of the "ois" form, in
addition to that by the hydrogen bond formation,

In quinocl dimethyl ether the methyl group was found
to occupy a definite position with respect to the distorted
benzene ring., There is little doudbt that the carbon-carbdon
bonds in the benzene ring of gualaced are also varying in length
and by analogy it is reasonable to expect that the position
of the hydrogen atom in the "ois" form may be determined by
the electron distribution of the bensene ring., This expla~
nation agrees well with the infra-red speotrum of guaiacol as
the frequenoy of its OH absorption peak is not expeoted to be
lowered by this kind of stabilisation,
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THE CRYSTALLITE ORIENTATION

IN DIFFERENT GRADES OF MANILA AND SISAL FIBRES,



SUMMARY.,

Two X-ray photographes, one at the root, and the other
at the tip were taken for many fibres of different grades of
Manila, Daveao and sisal. The orientation of the cellulose
structural units was studied in terms of the spiral angke
values measured from each photograph.

All fibres showed an increase in orystallite orien-
tation from the root to the tip of the fibre acoompanied by
an inorease in the tensile strength.

The partially-clesned Manila fibres showed lower
tenacity (gm/denier) values than were expected from the sSmall
spiral angle values. This ies probadbly due to the presence
of an inoreased amount of non-cellulose material,

Davao fibres showed emaller orientation and were
generally weaker than the corresponding Manila hemps grown
in othexr provinoces. .

sisal fibres had much greater spiral angle values

and smaller tensile strengths than Manila hemps.'



TRO ON .

The orystalline struoture of native cellulose which
econstitutes about 74% of content of Manila and 73% of sisal
ﬂbrea1 has been studied extensively by many workers. The
size and the shape of the oryetalline submiocroscopic areas,
called micelles or orystallites have also been studied and
many theories have been advanced in connection with the nature
of the orystallites, A detailed survey of the X-ray work
has been given by W. A, Sisson® in the Sth volume of "High
Polymers”,

Manila and sisal X-ray photographs show small dif-
fraction arcs on the equatore, which arise from planes para-
llel to the fibre axis., The lengths of the arce give measure
of the angle between the orystallite long ('b') axes and the
fibre axis, In Manila and sisal the orystallites lie along
spiral paths gbout the fibre axis, From the lengths of the
arcs on Xe-ray photographe taken with the fibres perpendiocular
to the X-ray beam the spiral angle values can be estimated.
The spiral orientation has been confirmed by taking X-ray
photographs of stretched Manila and sisal fibres., A deorease
in length of the diffraction arcs, i,e. a deocrease of angle
between the spiral and the fibre axis was observed.

Manila fibres are oomposed of bundles of cells ranging
from 3 - 12 mm, in length and 16 - 32 miorons in width.,d



Sisal cells are consliderably shorter varying in length from
led t0 4 mm.4 Microscopic examination of many specimens of
Manila and sisal showed that their ocells are parallel to one
another.

The cell wsalle of Manila and g2isal fibres are come
paratively thin and it wsas not possible to examine the fibril
orientation in the cell walls and correlate it with the spiral
angle measurements, This was done for ramie® and ocotton®
fibres and it has been posslblevto ascount completely for the
orientation observed in the I-ray diagrams on the basis of
the fibril orientation. It appears probable that this is
also the case with Manila and sisal fibres, as on swelling
of the specimens with szinc ohloriodide solution and heating
for a few minutes epirsal markings were obaorvedi.

The intensity distribution on 101, 101 and 002
diffraction rings was exactly the same in all photographs of
Manila and sissal fibres. This 18 in agreement with the work
of W. A, S81sson’ who conoluded that these fidres have non-
selective spiral orientation, i.e., their orystallites have
a random rotation areund their own axés.

Some 0f the X-ray photographs of Manila and sisal
fibres are shown on page 4 and it can be seen that four
intensity maxima were obtained on each of the diffraction
rings when the epiral angle is large and the deviation from

the spiral angle small,



The deviation from the spiral angle is due to the
cylindrical form of fibrest since the fibrils in the portion
of the cell wall parallel to the X-ray be diffract at the
equator rather than a an angle corresponding to the spiral

anglex*

Fig* 1* Manila 32 (root)* Fi&g*2. Manila 32 (tip)*

U O » 1

Fig.3. Sisal R (root)* Fis.4. Siaal R (tip).



EXPERIMENTAL.

411 the photographs were taken with the fibres set
perpendicular t0 the X-ray beam and without rotating the fibres.
Quarter-plate films were used, the film-holder being attached
to an open spectrometer, The distance of the film from the
fibre axis was adjusted carefully by means of a pointed stesl
rod exactly 3 cm. longe A 4 mm, collimator waes used for most
of the photographs and precsutions were taken to exclude all
the X-ray radiation other than that passing through the colli-
mator and diffracted by the specimens,

In most of the cases the fibres were found to de
too flexible to be mounted directly on a pair of arce and a
special frame for holding them had to be constructed. The
design of this frame is shown in Pig. & and it can be compared
with ite photograph in Figs O o

The frame was fitted on a pair of aros, so that the
fibre could be set perpendicular to the I-ray bdeanm, The frame
itself had a dbuilt-in nmt capable of rotation and a feathered,
screwed rod shown on the left of the drawing. By rotating
the nut on top of the frame this rod could have only trans-
lational motion due to the feathers moving in fixed slots.

The ends of the fibre were screwed to the lower part of the
frame and to the lower end of the sorewed rod. 3Since the rod

was capable only of translational motion, the frame could be



used not only for holding the fibres hut also for stretching
them, as no twisting of the fibres was possible. The frame
was oarefully calibrated and the amount of stretching could
be measured accurately, since one quarter of a turn of the

large top nut stretched the fibre by a fraction of a mm. only.

Fig. 5.

Frame for holding and stretching the fibres.



Design of the frame for holding and stretching the fibres.

The X-ray beam was not strong enough for talcing
photographs of Manila and sisal fibres. To decrease the time
of exposure to four or five hours, it was necessary in many
oases to take a few fibres, occasionally as many as six, and
stick them together by means of "Durofix" thinned with amyl
acetate solution. Care was taken to fix the fibres, so that

their axes were parallel to one another. The amount of error

introduced by this method was very small, this was confirmed



by the fact that on several occasions the spiral angle mea-
surements of photographs of two.bundlgn of fibree of the same
grade 414 not differ appreciadbly from each other,

At first the crystallite orientation was estimated
by measuring the length of the 002 diffraction arc. This
method was however abandoned and the more accurate and simple
method of reading the epiral angle directly by means of a
protractor was used. This wa® done by placing two 8sheets
of cellophane between the photograph and the protractor, each
with a thin, scratched line, These were then held firmly
in such a way that these two linee orossed each other at the
centre of the photograph enclosing both arcs on each of the
002, 101 and 101 diffraction ringe. This method eliminated
the emall errors that might have exieted in the slight varia-
tions of distance between tke axis of the fibre and the film,
Also, Binoe the density distribution ocurves for the (10l1),
(101) and (002) planes were the same, the spiral angle could
be eotimntcd more acourately by taking the lengths of arcs of
all the above planes into account rather than only that of
the (002) plane, This wae important as the intensity of the
(002) reflection varied considerably in different photographs,

At least six measurements were made for each X-ray
photograph and the average values obtained were then divided
by two.

The more elaborate quantitative measurements whigh



could have been carried out by means of a microdensitometer’
were considered to be unnecessary, since slight variations
were shown by different fibres of the same grade even at the
same distance from the root of the fibre. Although the
accuracy of the measurement of each individual photograph
would be greater, it could not be applied to the grade of any

fibre as a whole,

The Measurements of the Tenacity of the Fibres,

These measuremente were carried out at Mr. Mattinson's
laboratory at Gourock Ropework Co. Ltd. '

Fifty samples of each grade were chosen and 1} "
lengths were cut st the root and at the tip. Each group o?f
fifty roots and tips was then weighed and the average denier,
1.e, the weight in grams of 9000 metres of the fibre was
calculated,

The Fibre Testing Machine was used for the measure-
ment of the dreaking strength of each sample, Samples were
broken 3" between the grips and care was taken to break them
a8 near the root or the tip of the fibre as possidble.

Some 0f the coarse fibres had to be broken on the
Textile Yarn ?el;ins Machine., The results obtsined were
however not nearly so acocurate a8 those obtained with the

Fibre Testing Machine and were not correlated with the spiral

angle measurements.



RESULTS.

MABILA FIBRES,

Spiral angle.

Borneo B, root 11,5°
t1p 4,1
Borneo C,. root 15.3°
tip 4.1°
Manila C.D, root dod’
tip 2,8°
Manila E. root 1041°
tip 2s9°
Manila P. root 7.0°
tip 2,5°
Manila 8.2, root 16.5°
tip , 3.9°
Manils G. root 18.8°
tip 3.2°
Manila H. root 10.8°

$1p 3.9°



Manila I.

Manila J,.1,

Manila K.

Manila L,.2.

Manils M,.2,

Troot
tip

Troot

tip

root

tip

root

tip

root

tip

11




Davao C,D,
root

tip
Davao P,
root
tip
Davao S.E,
root
tip
avao G
root
tip
Davao H.
root
tip
Davao I,
root
tip
Davao Jol,
root

tip

Spiral
angle,

5.4
4.0°

10.5°
5.,0°

25.7°
£.4°

29.4°

3.6°

13,.9°
4,0°

14.8°
3.9°

20.4°
4.2

DAVAO FIBRES.

Average
Breaking Strength.

(gms.)

1679.76
670468

2193.36
713.32

1922,2
10558.42

2504.0
1069.4

2881,95
13050.64

£2161,72
931,56

Denier.

316.1
111.3

443.7
65.5

430.4
173.4

564.1
133.8

519.9
181.9

484.0
80.4

12

Tenacity.
(gms/denier.)

5.31
6.03

4.94
10.89

4.47
6.09

4.44
7.92

5.54
7.18

4.47
1l.58
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Averags

Spiral Breaking Strength. Denier, Tenacity.
Angle, (gma,) (gms/denier.,)
Davao J.2,
root 7.2 2120,32 295 ,0 7.19
tip 4.9’ 1141.24 101.0 11.30

MANILA HEMPS « GRADIEG DEFINITIONS.

Grade, Colour, Texture.Cleaning, Length,
Be 100% over
Good Current, White, Soft. Excellent.
Ce 80% over

Good Current. Very light ivory do, do. 3/1 or
yellow, under.,

Ds Good Current. Ivory yellow, do. do. do.

E.s Midway. Very light ochre 4o, do. do.

& ivory yellow.
F. 264 over Fair Light ochre or Fine to 4o, do.
Current, very light brown, Mediunm.
88.5treaky No.2. Ochre light brown. Soft. do. do.
Light red.

Ge Soft Seconds. Dark brown. Medium Good., Short to

Light green, soft. 7%

B+ Soft. Brown, Brown, éark brown Soft. do, do.

nearly black,

I. Pair Current. Very 1ight brown., Medium do.  3/7' or
. soft. more,

J1l,Superior Light brown or do. Good/ do.

Seconds ¥o,l. dingy white, Palir.



Grade, Colour,
7.2, Superior Dingy 1ight brown
Seconds Fo.2, or yellow,.
K. Medium Seconds., Dingy light brown
or yellow,
L2, Coarse Seconds., Dingy brown or
yellow.
M2, Coarse Brown, Dark brown - some

nearly black.

14

Texture.Cleaning. Length,

Medium Fair., 3/7' or

to bold. more,
Medium. do, Short
to 7'.

Bard. Coarse., 3/7' or

more,
Harad. do. Short
to 7'0

31ean128 .

Exoellent. ~ Pure fibre with little or no pulp attached.

Good, - Fine soft strips sometimes intermixed with pure

fibre,

Fair. - Strips with little or no pure fibre in evidence,

Coarse, - Strips ranging from 1} to 3 mm. in width,
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SISAL FIBRES,
Average
Spiral Breaking Strength. Denier. Tenacity.
Angle, (gm8 ) (gms /denier.)
Sisal 1P. |
root 17.0° 726 .6 227,0 3.20
tip 12,3° 596.48 122.4 4.87
11.4°
Sisal 2,
mo
root 26,0 783.72 191.5 4.09
$ip 9.8° 538.48 57.5 9.36
Sisal 3L
asimru
root 29,8  1124,02 283.2 3.97
tip 10,7° 755,06 111.0 6.80
Sisal 3L
lmnﬂ
root 24,0 1738.32 598.6 2,90
tip 12,9° 466,66 127.9 3.65
12,8°
Sisal 3.
(Marran 5)
root 22,5° 824.68 238.0 3.43
tip 7.8° 330.4 89.0 3.71
Sisal R,
root 38.,6° 804.2 255,.9 314

tip 9.7° 474.28 131.0 3462



Grade,

1,

2,

3L

-1

Re
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SISAL - GRADING DEFINITIONS.

Length from 3' with average of 3'6", Free from de-
feotive decortication, Properly brushed, Free from

tow, bunohy ends, knots and harshness. Colour - oreamy

'white t0o orean,

Same as 1, but length from 2'6" upwards.

Length from 3' upwards, consisting of brushed fibre
that does not conform to Grade 1 or 2, Although
minor defects in colour and cleaning are allowable
it must be free of barky or undecorticated fibre and
knots.

Same as 3L but length from 2' upwards.

Pibre that does not conform to the adbove mentioned
grades as regards length, colour and cleaning, bdbut

minimum length is 8%,
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DISCUSSION OF RESULTS.

The error in the values of the spiral angle pro-
bably lies within *1,5°, The values of the tenacity,
(gm/denier) whioh are given together with the values of the
spiral angle can be used for rough comparison only. It
can be seen that the increase of orientation ie connected
with the increase of tensile strength of fibres, This is
in agreement with the work done previously on cotton fibres.8

An attempt was made to study quantitatively the
relationship between tensile strength and orientation: it
seems that the "tenacity/spiral angle" curve for Manila
hemp differs considerably from that for sisal fibres. Fur-
ther investigation on these linee must, however, await more
acourate tensile strength measurements,

For each o0f the Manila and 8isal fibres the spiral
angle values at the4rcot were found to be invariably greater
than those at the tip. In many cases this difference in
orientation of orystallites with respect to the fibre axis
was very great and a ocorresponding considersble difference
in the tensile strength was observed. Two such specimens
were chosen, Manila G and sisal 3L (Masimru) and the change
of orientation towards the tip of the fibre was studied.
Several X-ray photographs were taken of each fibre at dif-
ferent points along the length between the root and the tip.
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The two "orientation/length of the fibre" curves which were

obtained are shown in Fig.7 and 8.

Fig* 7.

Relationship between orientation and length of Manila 6 fibre.

Fig.8.

length in cms AYP

Relationship between orientation and length of sisal 3L fibre.
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The shape of the curve for the Manila fibre is quite
different from that for sisal. The former shows a gradual
increase in orientation along the fibre towards the tip, where-
a8 in the case of sisal there is a great decrease of the value
of spiral angle within the firet 15 cm. from the root end of
the fibre, the epiral angle then approximating to a conatant
value, This considerable difference in the shape of the
curve for the two fibres may be a general characteristic for
the two types of heﬁy, Manila and siseal, Before any impor-
tance can be attached to this suggestion, however, further
inveatigation would be required,

Manila and sisal hemps are graded according to
degree of cleaning and colour, (see "The Grading Definitions"
given at the end cf Menila and sisal orientation and teneils
strength measurements). HRelative strengths of Manila henmps
were given in the,litaratnregand these show a decrease along
the grading series, so that the partiaslly-cleaned fibres are
considerably weaker than the well-cleaned hemps,

Many of the tenacity measurements of Manila were
obtained using the Textile Yarn Toiting Machine and were not
acocurate enough for correlation with the orystallite orien-
tationu, They showed however, with a few exceptions, the
above mentioned decresse in strength along the grading series,
0f special 1nt§reat is the faot that according to the spiral
angle values Manila G should be slightly weaker at the root
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than Manila S2, The tenacity measurements showed however,
that of the two fibres Manila S2 is much weaker, This ia
probably due to the presence of non-celiulose material whioh
gives rise to a relatively large value of denier, This 18
likely to be the cauze of the smaller tensile etrength values
for the partially-cleaned fibres, Manila LZ, M2, and K.

High values were expected from the high orystallite orienta-
tion in these fibres,

The spiral angle measurements together with the
tenacity values for Davao and sisal fibres give the first full
and accurate account of the variation of these two qualities
in different grades, |

Davao fibres are generally acknowledged to be stronger
than the oérresponding Manila hemps grown in other provinoea%o
The values of the spiral angle for Davao fibres at the root
and at the tip, on the other hand, are generally greater than
the corresponding values for Manila, indicating smaller tensile
etrength, The Davao fibree are genersally harder in texturé
and bolder in esize and therefore their breaking strength
values as oompared with those of Manila may be in many oases
maoh greater, There is little dbnbt. however.'that the te-
naocity values, which take the wiishx of the fibre into account,
are lower for Davao fibres than for the corresponding Manila
fibres.

On comparison of the results for Manila and sisal
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fibres, it can be seen that the latter have generally smaller
orientation of the cellulose struotural units at the root

and at the tip of the fibre. The tensile strength measure-
ments are in ggr.omcnt with this conclusion as the tenacity
values for sisal are comparatively small, The faot that
sisal fibres may not have the gradual incresase of orystallite
orientation from thp root to the tip of the fibre, dbut have
the better 'tip spiral angle value throughout most of their
length may make these fibres much more valuable than can be
inferred from the compsrieon of roof and tip epiral angle

and tenacity values alone,
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