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Abstract. The IR spectra of the crystalline complexes of 3- and 4-nitrophenol with crown ethers
were studied, viz., 18-crown-6 (18C6), benzo-18-crown-6 (B18C6), dibenzo-18-crown-6 (DB18C6),
dicyclohexano-18-crown-6 (DC18C6) and dibenzo-24-crown-8 (DB24C8). The spectra of uncom-
plexed crown ethers showed water absorption bands which indicate the presence of two types of
bound water molecules, viz., cavitant water enclosed by the strong ether-cavity field and outer-layer
hydrogen-bonded water mol ecules. Upon complexation with 3- and 4-nitrophenol, the bands attribut-
ed to cavitant water disappeared, leaving the outer layer water to act as a bridge between the host
crown ether and the guest phenols. The results further showed that of the crown ethers and of the
phenols, B18C6 and DC18C6 and 3-nitrophenol, have the strongest interaction. The behaviour of the
phenols was explained by the increased contribution of the inductive o-moment over the resonance
m-moment in the complexes.

Key words: Solid molecular complexes, crown ethers, water in crown ethers, 3-nitrophenol, 4-
nitrophenol, IR spectra.

1. Introduction

The study of well-defined complexesformed between neutral moleculesand crown
ethersis an area of active interest [1, 2]. A number of complexes with phenolic
compounds have been reported in the literature in which water molecules seem to
formanintegral part of the crystalline structure, asshown by X-ray crystallographic
studies [3-7]. Thus, in the phenolic complexes, the water molecules act as bridges
between the host ether molecules and the guests, i.e. a hydrogen bond links the
phenolic hydrogen with thewater moleculeand the hydrogens of thewater molecule
are bonded to the crown ether.

Furthermore, the presence of water in crown ethers has received some attention
inregard to the nature of its attachment to the ether molecules[2]. Water was shown
to beencircled by macrocyclic ethers containing pyridine and ketone moieties, such
as the hexaethylene glycoal bis (2-pyridyl) ketone macrocycle, but not by 18C6 or
related compounds [8]. This was attributed to the influence of the heteroaromatic
moiety on the conformation and the size of the polyether ring.

* Author for correspondence.
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In continuation of our studies of crown ether molecular complexes [9-11], the
present work was plannedin order to investigatethe spectral characteristicsof 3-and
4-nitrophenol complexeswith crown ethers, viz., 18C6, B18C6, DB18C6, DC18C6
and DB24C8; and to shed some light on the possible host-guest interaction, and the
role played by water molecules in these complexes, aswell asin the uncomplexed
ethers.

2. Experimental

IR spectra were recorded in the region 4000-400 cm~! using a Nicolet Impact
400 FTIR spectrometer. A polystyrene film was used to calibrate the spectrometer.
KBr discs were used for all samples and handled under dry conditions. Melting
points were determined using a Harris melting point apparatus with a Gold Brand
thermometer (Brand, Germany). All melting points were reported as measured
without correction.

m-Nitrophenol (general purposereagent, B.D.H.), p-nitrophenol (puriss, Fluka),
18-crown-6, benzo-18-crown-6, dibenzo-18-crown-6, dicyclohexano-18-crown-6
(al for synthesis, Merck), dibenzo-24-crown-8 (purum, Fluka), chloroform and
ether (AR, C.B.H.) were all used without further purification.

2.1. PREPARATION OF COMPLEXES

The crown ether (1 mmol) in 2 mL of chloroform was added to 1 mmol of the
guest in 10 mL of hot chloroform. The solution was allowed to evaporate at room
temperature. For most samples crystalswere formed, but semisolids were obtained
for some. Thesewerethe complexesof B18C6 and DC18C6 with 3-NP and B18C6
and 18C6 with 4-NP. The latter was successfully crystallized from a solution in
diethylether which was then allowed to evaporate and crystals were formed. The
other semisolids persisted in spite of all attemptsat obtaining well defined crystals.
Table | summarizes some of the physical properties of the prepared complexes.
The only complex that has previously been reported in the literature, is the 18C6
complex with 3-NP [3] with amelting point over the range 49-56 °C as compared
with the much sharper and higher melting point of 55-58 ° C obtained in the present
work.

2.2. REMOVAL OF WATER FROM CROWN ETHERS

It has been reported that 18C6 is a hygroscopic compound [12]. Attempts were
made to obtain dry 18C6 either by drying over P,Os or recrystallization from
such solvents as acetonitrile, methanol/ether, chloroform-methanol/ether or chlo-
roform/ether. These procedures were found to be ineffective in removing all traces
of water as judged by the observation of the water absorption band in the 3450
cm~1 and 1620 cm~1 regions.
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Table |I. Physical properties of crown ether com-

plexes.
Complex M.P.°C  Colour
1 18C6/3-NP* 55-58  light yellow
2 B18C6/3-NP * light yellow
3 DBI18C6/3-NP  126-136 yellow
4 DCI18C6/3-NP  * light yellow
5 DB24C8/3-NP 6769 gray
6 18C6/4-NP 40-49 yellow
7 B18C6/4-NP  * yellow
8 DBI18C6/4-NP 123-125 yelow
9 DC18C6/4-NP 89-94 yellow
10 DB24C8/4-NP 65-66 gray
#Reported in Ref. [3] m.p. 49-56 °C and ratio
(1:2:2H,0).
*Semisolids.

Key. 3-NP: 3-nitrophenol, 4-NP: 4-nitrophenol.

DC18C6, which gave well resolved water absorption bands, was selected to
show that these bands belong to water associated with DC18C6 and not to water in
KBr or dueto sorbed atmospheric vapor. Several spectrawere taken with different
amounts of DC18C6 in KBr pellets, and they al show that, following the increase
in the amount of DC18C6, the intensity of the bands assigned to water molecules
increased in a uniform manner, as did those of the ether bands, thus showing that
water is associated with the crown ether.

3. Resultsand Discussion
3.1. WATER IN CROWN ETHERS

Although, in general, the appearance of the water bands differed from one crown
ether to another, as shown in Figure 1, there are many features in common among
them, as can be judged from Table 1.

However, because of the rather sharp bands shown in the spectrum of hydrated
DC18C8, they will be discussed first. The band at 3566 cm~— can be assigned to
vasOHp, the one at 3397 cm—* to vsOH, and that at 3251 cm~? to the first overtone
of the Bo_n vibration. These may be compared with those of water in the gas phase
i.e., at 3756, 3652 and 3151 cm~* [13]. The So_p Vibration of water in the crown
ether appeared at 1651 cm~? giving for the first overtone the calculated value of
3302 cm~* compared with the observed value of 3251 cm~1, a situation similar
to that for water in the gas phase which has the fundamental at 1595 cm—* and
the overtone observed at 3151 cm~. Similar bandsin the crown ethers, 18C6 and
B18C6 were observed and assigned accordingly, Tablell.
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Figure 1. IR spectrafor water in crown ethersin the region (40003100 cm™2.

If one considers the vz, vs and Bo_y bands of water in the gas, the liquid,
and in hydrated DC18C6 phases (Table I11), then comparing the vy, values of the
centres of the v5 and vs bands for each of these three phases, as in Scheme 1, it
becomes apparent that the changes shown in DC18C6 are greater than those in
the liquid water phase. This can be judged by the values of v, vs and the shift
suffered by the centres of these two bands, viz., Avy = 222 cm~* in DC18C6 as
compared to 171 cm~! in the liquid phase. Taking this together with the relative
shifts to higher frequencies, with reference to gaseous water, of So_n, i.e., 56 and
45 cm~1, respectively, lead to the conclusion that the water in DC18C6 is in a
stronger (hydrogen) bonding environment than in liquid water.

Furthermore, water in solid DC18C6 seems to differ markedly from that of
solid phasewater (see Tablellll), AGo_u, asmeasured from the gas phasevalue, is
larger for water in DC18C6 than for water in the solid phase. This fact, therefore,
excludesthe consideration of water associated with crown ethersto bein asimilar
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Tablell. Infrared vibrations (in cm™1) of water in uncomplexed crown ethers.

Assignment 18C6 B18C6 DB18C6 DC18C6 DB24C8
VasO—H of H .0
enclosed inside 3563 (sh) 3541 (sh) 3566 (m)
the ether ring
vo_n Of
outer-layer hydrogen 3453 (br,s) 3467 (br,m) 3450 (br) 3450 (br)
bonded water
VsO—H of H .0
enclosed inside 3397 (sh) 3403 (s) 3397 (9)
the ether ring.
First overtone
of Bo—n
observed: 3202 (w) 3260 (w) 3251 (w)
calculated: 3234 3266 3302
Bo—n 1617 (m) 1633 (m) * 1651 (m) -~

*The band may be overshadowed by crown ether absorption.
Key. See footnote to Table V.

Tablel1l. Water vibrations (incm™1) in the gas, liquid, solid phasesand in

DC18CS6.
Assignment Gasphase Liquidphase Solidphase DC18C6
Ref. [13] Ref. [21] Ref. [21]
vas0O—H 3756 3615 3220 3566
vsO—H 3652 3450 3400 3397
Bo- 1595 1640 1620 1651
First overtone
of Bo—n
observed: 3151 3251
calculated: 3190 3302

environment to that of solid water i.e. an extensively hydrogen bonded network of
water molecules.

The fact that water in DC18C6 is in a (hydrogen) bonding environment and
till shows the characteristic v4, vs and Bo_y bands of water in the gas phase,
may lead one to consider the water vibrations in DC18C6 to be those of cavitant
water in auniform field enclosed by the ether ring, such that it forms nonspecific
hydrogen bonds with the oxygen atoms of thering, asdepictedin Figure 2. Such an
arrangement of the water moleculeinside the ether cavity seemsto be plausiblein
the light of the recently reviewed studies that showed the possible accommodation
of the larger hydronium ion inside the 18C6 cavity [2].
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Scheme 1. v and vs of H2O in the gas phase, in the liquid phase and in hydrated DC18C6.

Figure 2. Representation of cavitant water in 18C6

Besides the absorption bands assigned to cavitant water inside the crown ethers,
a prominent broad band at about 3450 cm—* appeared in all spectra, except for
DC18C6. This band could be assigned to outer layer hydrogen bonded water
(Table I1). This assignment is supported by the work of Kolthoff and Chantooni
[5] on theternary complexes18C6 : H,O : P (P = 4,4'-biphenoal, 3-nitrophenal, 2,4-
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Table IV. vOH, stretching vibrations (in cm™?) in free and complexed crown ethers.

Crown-ether complexes with:
Free 4-nitrophenol  3-nitrophenol  3-nitrophenol  2,4-dinitrophenol
ethers (this work) (thiswork) [5]" [5]*~

18C6
3563 (sh) 3500.8 3529 (sh)
3453 (br,s) 3423 (br) 3425 (br) 3458.6 3423.4
3397 (sh)
B18C6
3541 (sh)
3467 (br,m) 3432 (br) 3393 (br)
3403 (s)
DB18C6
3450 (br) 3430 (br) 3450 (br)
DC18C6
3566 (M)
3450 (br) 3440 (br)
3397 ()
DB24C8
3450 (br) 3450 (br) 3435 (br)

*3-Nitrophenol: H,O: 18C6 (2:2: 1).
**2,4-Dinitrophenol: H,O: 18C6 (2:2:1).
Key: asin Table V.

dinitrophenol and dichloropicric acid) in which they identified water acting in a
dual manner as a hydrogen bond acceptor to the acidic O—H of the phenol and
a hydrogen bond donor to the crown ether oxygens. They reported that vo_p of
water in these complexes appeared in the 3550-3350 cm~ region. Similar bands
were also found in the present work in the spectra of crown ether complexeswith
3- and 4-nitrophenols (Table V). It isinteresting to note that the bands assigned to
cavitant water are absent in the spectra of these complexes.

Inorder to test for the presenceof the cavitant water in the crown ether molecules
when the latter are present in solution, *H-NMR spectrawere measured in CDCl3
and DM SO-dg solvents. The results were inconclusive in identifying any water
signals. This may indicate that in such solutions, as in the case of the solid ether
complexes, the cavitant water is absent.

3.2. EFFECT OF COMPLEXATION ON THE SPECTRA OF 3- AND 4-NITROPHENOL

The absorption bands of 3- and 4-nitrophenol complexes in the range 4000400
cm~! aregivenin TablesV and VI, respectively.

The prominent bands at 3477 and 3397 cm~1 in 3-nitrophenol, and at 3382
and 3333 cm~1 in 4-nitrophenol, which are usually assigned to vo_y are absent,
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Table V. IR absorption bands of 3-nitrophenol complexes in the region (4000400 cm~1).2

A$ignmentb 3-NP 18C6/3-NP B18C6/3-NP DB18C6/3-NP DC18C6/3-NP DB24C8/3-NP
Freevo_n 3477 (m) * * * * *
Bonded vo_pH 3397 (s)
VOHy---CE 3425 (br) 3393 (br) 3450 (br) 3440 (br) 3435 (br)
VOH...water---CE 3125 (br) 3055 (br) 3110 (br) 3055 (br) 3125 (br)
Ve—H 3122 (w) * * 3118 (m)* 3120 (m)* 3120 (m)*
3009 (w) * * * *
ve—C 1623 (m) 1618 (m) 1623 (m) 1618(m) 1618 (m) 1618 (m)
ve—o 1583 (m) 1584 (m) 1582 (sh,m) 1581(m) 1575 (sh,m)
vasNOp 1523 (vs) 1529 (vs) 1535 (vs) 1527(vs) 1527 (vs) 1527 (vs)
ve—c 1483 (m) * * 1488 (sh) * 1482 (sh)
1467 (m) 1465 (m) * 1474 (m) 1470 (m) 1475 (sh)

vsNO, 1352 (vs) 1352 (vs) 1346 () 1350 (s) 1350 (s) 1350 (s)
S0—H 1336 (m-s) *
vc_o 1299 (s) 1305 (m) 1301 (m) 1301 (m) 1303 (m) 1301 (m)
SC—H 1272 (m) * 1275 (m) * 1274 (w) *
S0—H 1213 (m-s) * * 1208 (m) 1210 (sh)
Sc—H 1164 (w-m) 1158 (vw) 1166 (vw) 1166 (vw) * 1166 (sh)
Sc_H 1080 (m) * * 1082 (w-m) * *
Ring 999 (m) 997 (w-m) 999 (w-m) * * 999 (w)
breathing
YC—H 935 (m) 933 (w-m) 933 (w-m) * * 935 (s)
dNO. o 873 (m) 877 (w-m) 877 (w-m) 875(w-m) 877 (m) 879 (w-m)
YC—H 817 (s) 813 (s) 813 (s) 813(s) 813(s) 813(s)

794 (m-s) 798 (m) 796 (m) 794 (w) 800 (sh,m) 798 (w-m)
TNO, 742 (m-s) 736 (m-s) 738 (m-s) 738(s) 740 (s) *

673 (M) 678 (M) 673 (M) 675 (M) 679 (M) 675 (M)
Bonded 599 (br,m) 601 (vw)
YO—H
PNO, 555 (w-m) 576 (vw) 554 (vw)

541 (vw)

*The band was overshadowed by other absorptions.
# The intensity was amplified by other absorptions.
#Key. vas, asymmetric stretching; vs, symmetric stretching; 4, in plane bending; p, rocking;
7 wagging; (s), strong; (m), medium; (w), weak; (sh), shoulder; (br), broad.
PReferences for assignment are [22—25].

or are overshadowed by the stronger and broader neighboring bands in all the
complexes in the regions 3450-3400 cm~! and 3125-3050 cm~*. Note that the
former occupied the position of free vo_y of 3- and 4-nitrophenol, but are too
broad to be assigned to such avibration.

Kolthoff and Chantooni [5] observed two bands in this region of the spectra
of the 18C6: water : P (P = 4,4'-biphenol, 3-nitrophenol, etc.) complexes. Onelies
in the region 3500-3450 cm—! assigned to the O—H stretching of water bonded
to crown ether oxygens, and the other in the region 3150-3100 cm~? assigned to
the O—H stretching of the phenol which is bonded to water oxygen. The good
agreement with the present work, as can be judged from Table VII, leads to a
similar assignment for these bandsin the 3- and 4-nitrophenol complexes.

The difference (A) between the free vo_y bands in 3- and 4-nitrophenol and
the bands assigned to the O—H stretching of the phenol bonded to water oxygen
inthe complexes[v(O—H)p...water...ce (P = 3- or 4-nitrophenal)] aregivenin Table



253

ROLE OF WATER IN NITROPHENOL-CROWN ETHER COMPLEXATION

"[2z-€2] 86 WBWUB SR 104 SPOUB B BY |,

‘A3|0EL UI'se /o),

suondiosge Jouio Ag paiiidure sem Aususiutayl ,
'suondiosge »Byio Ag pamopeysen0 sem pued ay |

(m) TOS (m) 6617 (m) g0 (m) TOS (m) 6617 (w) z6v ‘ond
(m) €5 (m) geg (m)yes (m) zeg (m) 9g5
(w)sz9 (s-w) 829 (w) 829 (w) 829 (w) 829 (w) 0g9
(w-m) 69 (w-m) 69 (w-m) 69 (w-m) 69 (m) 969 (s-w) v69 H-oL
(s-w) 52 (s-w) 9g/2 ) 052 () 052 (w) 952 (w) 952 ONL
(s-w) vs8 (s-w) vs8 (w) vs8 (w) zsg (w) gs8 (S) zs8 H-OL
(us) 798 (w) 998 (w) 898 (w)zos (w) 898 (w) go8 “oNg
« . . (m) 096 H=OL
) ottt s)ortT ®) zriT ©) zrir . ®)zrir
(W) +91T (w) 9911 (W) ¥9TT (W) ¥9TT (w)oaTT  (6-w) 99TT H=og
. . . ) stet H—0g
(S)sszT (S)sszT () 9821 () 8set () g8zt () 9821 0~on
(sn) oeeT () 9eeT (sn) 9ggT (sn) seeT sn) ggeT sn) 9zeT 20N
() oseT () osetT ) ovet H—0g
(s) s6vT () oostT . ©)oost  (s-w) 8Pt (s) s6vT ZONS
) zrstT () s1StT . . (w)grst  (S-w)SIST
(8) e6ST (8) e65T () s6sT () TeST () TesT () TeST
(w) zToT (W) ¥19T (W) ¥19T (W) ¥19T (W)yror  E-w) ¥191T 9=da
W) 6208 (m) 620 . . (m) 080g
. . AW) 9gTe . . (m) zeTe H=on
(19) ooTE (1a) o60E (Ja) otTE (1a) gs0g (19) o60E 30-++RRM " HO
(10) e (19) osve (10) oeve (1a) zeve (19) ezve ESERNY
(S) ecec  H~Oa papuog
« « . . « (W'us)zgee H=On1 8014
dN-v/80F29d  dN-7/908TOA  dN-#/908T9d  dN-7/908Td  dN-7/908T dNv  guewubssy

¢ (;—W 00—0001) UoiBa. ays ul saxa|dwod jousydo.yiu-i7 Jo spueq uondiosde d1 “IA (el



254 B.|.EL-ESWED ET AL.

Table VII. O—H stretching vibrations (in cm™!) of crown ether complexes with

phenals.
Complex vOH;---CE  v(O—H)p- - -water- - -CE
18C6.4,4' -biphenol.(H20), [Ref. 5] 3529 3142.2
3487
18C6(3-nitrophenol.H,O), [Ref. 5]  3500.8 3128
3458.6
18C6/3-nitrophenol [this work] 3425 (br) 3125 (br)
18C6/4-nitrophenol [this work] 3423 (br) 3090 (br)

TableVIIl. Thedifferences A (cm™?) between the stretching frequencies
of free and complexed O—H of 3- and 4-nitrophenal.

A = I/(O—H)free — I/(O—H)p...wma...CE
Guest/Host 18C6 B18C6 DB18C6 DC18C6 DB24C8

3-nitrophenol 352 422 368 422 352
4-nitrophenol 292 327 272 292 282

VIII. From Table V1Il, the following trends can be inferred for the strength of these
hydrogen bond interactionsin the complexes, fromwhich both B18C6 and DC18C6
complexes showed the strongest interactions: for 3-nitrophenol complexes

B18C6 = DC18C6 > DB18C6 > 18C6 = DB24C8
and for 4-nitrophenol complexes:
B18C6 > DC18C6 = 18C6 > DB24C8 > DB18C6.

Table VIII also indicates that hydrogen bonding is stronger in the complexes
of 3-nitrophenol than of 4-nitrophenol. This is in the opposite direction to the
trends of the acidity [14] and the dipole moment [15] (pK 4 and dipole moment =
8.28 and 3.9D, respectively, for 3-nitrophenol and 7.15 and 5.1D, respectively, for
4-nitrophenol). This trend may indicate that the strength of the hydrogen bonding
interaction between the ethers and the guest molecules is not determined by the
acidity or the dipole moment of the guest. Consideration of other spectral charac-
teristics of the complexes offers a possible explanation for the observed trend, as
given in the following paragraphs.

Another common feature of 3- and 4-nitrophenol complexesisthe disappearance
or weakening of do_n and yo_n absorption bands. This may be related to the
contribution of the quinonoidal structures | and Il for the 3- and 4-nitrophenol
complexes, respectively.
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In 3-nitrophenol complexes, the vc_o band at 1299 cm~! was weakened to a
large extent and new bands were observed at about 1580 cm~! which are absent in
the spectra of both uncomplexed 3-nitrophenol and crown ethers. These new bands
can be assigned to the contribution of v¢_ o of the quinonoidal structure . The fact
that NO, vibrationsin 3-nitrophenol were hardly affected in the complexesfurther
indicates the predominance of structurel.

In the 4-nitrophenol complexes, no new bands similar to those in 3-nitrophenol
complexeswere observed and the v o vibration still occupieditsoriginal position
of the uncomplexed 4-nitrophenol. Furthermore, the v4, d, and y and pno, Vibra-
tional bandswere hardly affected, but vsno, was shifted to higher values. All these
indicate that structure 1 is of little importance. So, since structurel | isexpectedto
be responsiblefor the higher acidity and dipole moment of 4-nitrophenal, the lower
contribution of thisstructurein the complexesmay be responsiblefor 4-nitrophenol
complexes having lower Av values than 3-nitrophenol. This is further supported
by the o-moment and 7-moment of 3- and 4-nitrophenol which are (2.68, 2.02D)
and (1.65, 4.46D), respectively [15]. The o-moment being higher in 3-nitrophenol
than in 4-nitrophenol is consistent with the higher values for Av of the former
complexes. Thus, it would seem that complexation of the nitrophenol molecules
with the ether does not operate through a 7-resonance form such as I1, but rather
through the operation of the inductive effect. A similar observation was made in
the crown ether complexes with 4-nitroaniline [16].

3.3. EFFECT OF COMPLEXATION ON THE IR SPECTRA OF CROWN ETHERS

Very few changesin the spectraof the crown ethersin the complexeswere observed,
thusthe ether C—O stretching vibrationswere hardly affected. In the case of 18C6,
no extra bands, or splitting of the C—O—C, C—C stretching or CH,CH> rocking
bands were observed; thus indicating the preference of the molecule for Dsd
conformation in the hydrated crown ether and its complexeswith nitrophenols. This
isin agreement with both crystallographic and theoretical work on 18C6 complexes
with water and other neutral molecules [17—-19]. However, the exception isin the
CH stretching vibrations which showed marked distortions when compared with
those of the uncomplexed ethers, as shown by the examples given in Figure 3.

No marked changeswere observed in the vibrational bands of the aromatic moi-
eties of the benzo-substituted ethers. However B18C6, which showed the strongest
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Figure 3. The CH; stretching bands in free and complexed crown ethers

interaction, gave prominent shiftsto higher valuesin the in-phaseyc_y absorption
band upon complexation.

4. Concluding Remarks

The present spectral study showed two distinctive sets of bands attributed to the
water moleculespresent in the crown ethers. Thefirst setisthat of typical hydrogen-
bonded water molecules, the so-called outer-layer water, which persisted in the
crown ether complexes with phenols and acted as a bridge between the latter and
the ether oxygens.

The second set exhibited all the characteristic OH, vibrations of water molecules
with relative shifts indicating their presencein auniform strong-field environment.
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These so called cavitant water molecules do not form specific hydrogen bonds to
any of the ether oxygens and therefore are quite distinct from water in the liquid or
solid phase which is typified by extensive hydrogen-bonded networks. Unlike the
outer-layer water, the cavitant water bands disappeared upon compl exation.

Theseresultsseemto give credenceto theview that, in some uncomplexed crown
ethers, water molecules may be held in the uniform field of the oxygenswithin the
ether cavity. Sofar thishas only been demonstrated in the case of macrocylic ethers
containing a hetero-aromatic moiety which provided the necessary conformation
and cavity sizeto encircle the water molecule [8].

DC18C6, which was previously reported to accommodate the larger hydronium
ion [20], is shown in the present work to have the required flexibility and space for
cavitant water. The other crown ethers varied in this respect as demonstrated, on
one hand, by the absence of the bands assigned to cavitant water in the case of the
rigid DB18C6 and DB24C8, and, on the other hand, by the presence of the two sets
of bandsin 18C6 and B18C6, both known to be flexible and thus able to provide
sites for both types of water attachments.
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