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The hydrogen-bonding network formed between a triaminotriazine amphiphile (2C18TAZ, 1) and comple-
mentary barbituric acid (BA,2) at the air-water interface is investigated by polarization-modulated infrared
reflection absorption spectroscopy (PM-IRRAS). The molecular structure and orientation of the 1:1 hydrogen-
bonding network at the air-water interface is revealed in this study. Without the addition of BA to the
subphase, the NH2 scissoring of 2C18TAZ appeared in the spectrum as a broad negative absorption band
between 1660 and 1605 cm-1, indicating its perpendicular orientation to the air-water interface. When BA
was added to the subphase, the NH2 scissoring absorption band from the triaminotriazine moiety disappeared
due to the complementary hydrogen bonding of BA to the 2C18TAZ monolayer. The formation of the rigid
1:1 hydrogen-bonding network also resulted in the disappearance of one of the ring quadrant stretch absorption
bands of the 2C18TAZ molecule. New bands which are attributed to the vibration of BA can be clearly seen.
Particularly, the CdO stretch from BA shows up in the spectra as two negative absorption bands around
1700 cm-1. The negative signature of these two bands suggests that the BA molecules are oriented in the
hydrogen-bonding network with the C-2 carbonyl positioned vertically toward the air, and the C-4 and C-6
carbonyls directed into the water subphase. This is consistent with formation of an assembly which optimizes
the use of complementary hydrogen bonding between two components. Furthermore, the effect of competitive
polar organic solvents in subphase, such as DMSO, on the hydrogen-bonding network has also been observed
in this study. Compared to the previous IRRAS studies on the similar monolayers, the sensitivity of PM-
IRRAS is obviously improved. PM-IRRAS will likely become a powerful analytical technique for the
characterization of molecular structure and orientation of Langmuir monolayers at the air-water interface.

Introduction

Hydrogen bonding has crucial importance in many chemistry
research areas. Despite its long history of being well studied
by physical chemists and biochemists, it keeps attracting keen
interest from synthetic chemists. Numerous artificial molecular
recognition systems can be designed by incorporating comple-
mentary hydrogen bond donors and acceptors into host and guest
molecules.1-8 These artificial systems function as convenient
and direct models to mimic complicated biological activities.
Recently, these studies have been further expanded to the air-
water interface.9 Considering the significance of cell and
biomembranes in biological systems, Langmuir monolayer
techniques have become important model systems to mimic
biological functions taking place at the membrane interfaces.

Among the different intermolecular interactions (e.g., elec-
trostatic, hydrogen bonding, van der Waals, andπ-π stacking),
the strength, directionality, and selectivity of hydrogen bonding
places it at the center of many research efforts aimed at the
design of supermolecules and crystal engineering through
noncovalent synthesis. One notable example among these studies
is the formation of supermolecules through complementary
hydrogen-bonding self-assembly. It was found that barbiturates

or cyanurates could self-assemble into highly organized struc-
tures such as linear tapes, crinkle tapes, or rosettes with
complementary hydrogen-bonding melamines in the solid state
or solution.10-18 More recently, the formation of hydrogen-
bonding networks between these complementary components
has also been investigated in 2-D at the air-water interface.19,20

Traditionally, it was believed that hydrogen bonding directed
molecular recognition is difficult in polar media, such as water,
due to the competition from the latter. However, in these recent
studies, it has been shown that hydrogen-bond-directed self-
assembly at the air-water interface is as efficient as that in
nonpolar organic solvents. These investigations will likely
become an important new approach in the design of novel
artificial biomembranes and supermolecules in 2-D.

We have recently reported the study of a complementary
hydrogen-bonding network formed between a 2-amino-4,6-
dioctadecylamino-1,3,5-triazine (2C18TAZ, 1) monolayer with
barbituric acid (BA,2) from the aqueous subphase at the air-
water interface (Figure 1).21 Brewster angle microscopy and in
situ UV-vis absorption spectroscopy, respectively, have been
used to observe the topography and the absorption spectra
changes of the 2C18TAZ monolayer brought by the binding of
BA. However, the molecular structure and orientation of this
hydrogen-bonding network remains unclear from these studies.
To have a full understanding of the structure of this hydrogen-
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bonding network, a more precise and detailed characterization
at the molecular level is badly needed.

Infrared reflection absorption spectroscopy (IRRAS) has been
used previously to characterize the hydrogen-bonding network
between a C12 alkyl chain disubstituted triaminotriazine am-
phiphile (2C12TAZ) and barbituric acid (BA) on Langmuir-
Blodgett films.19c A new absorption peak which can be readily
assigned to the CdO stretch from BA molecules appeared at
1719 cm-1 in the 2C12TAZ LB film when deposited from 10
mM BA subphase compared to the LB film deposited from the
pure water subphase. However, it was noticed that the intensity
of the absorption bands from the triaminotriazine (TAZ)
headgroups is significantly decreased. More information regard-
ing the conformational change of TAZ moiety from these spectra
is not available. The orientation of the two complementary
hydrogen-bonding components within the network remains
unclear. More importantly, the information of molecular orienta-
tion and structure of monolayers obtained from their Langmuir-
Blodgett films is not equivalent to the studies conducted directly
at the air-water interface.

IRRAS has been a leading spectroscopic method for the in
situ characterization of Langmuir monolayers at the molecular
level.22 Weck et al.20c has used this technique at the air-water
interface to study the hydrogen bonding between a barbituric
acid lipid monolayer and triaminopyrimidine (TAP) from the
aqueous subphase. However, in general, the quality of these
spectra is not ideal, even after significantly long acquisition
times (5000 scans per spectrum). Further interpretation and
analysis are difficult to conduct based on these spectra.

The main problem of IR spectroscopy at the air-water
interface is extracting the very weak monolayer signal from the
very strong absorptions occurring in the liquid subphase and
especially, in the surrounding water vapor. Conventional IRRAS
requires long acquisition times (more than 2000 scans) and
continuous strict control of the vapor pressure during sample
and reference (uncovered water) spectrum recording. Further-
more, the determination of molecular orientation at the air-
water interface through traditional IRRAS has been shown to
be considerably difficult and complicated.23 The spectral intensi-
ties of the studied monolayer films have to be determined either
with p-polarization at several angles of incidence or with both
s- and p-polarized radiation at a single angle of incidence.
Subsequently, a theoretical optical model is applied to calculate
the orientation of the functional groups giving rise to the IR
bands. The parameters of the optical model and the experimental
setup must have been precisely pretested and characterized by
using a known and well-defined monolayer system. In particular,
the overall degree of polarization for the experimental setup
must be accurately known due to its significant impact on the
intensity of bands during studies with p-polarized irradiation.

To overcome these problems and difficulties, a differential
IR reflectivity technique, polarization modulated infrared reflec-
tion absorption spectroscopy, PM-IRRAS, based on a rapid

modulation of the polarization of the incident electromagnetic
field on the sample has been developed.24,25 Basically, PM-
IRRAS combines Fourier transform mid-IR reflection spectros-
copy with fast polarization modulation of the incident beam
(ideally between p- and s-linear states). A two-channel electronic
and mathematical processing of the detected signal is used in
order to get the differential reflectivity spectrum:

Rp andRs are the polarized reflectivities of the sample. Owing
to the fast polarization modulation and to the identical and
precise real time acquisition and processing of the two inter-
ferograms, this ratio is, in principle, extracted from all the
polarization-independent signals (such as strong water vapor
absorptions) and from all the instrumental drifts and fluctuations.
In other words, the spectra obtained in this mode have a total
immunity against the isotropic IR absorptions of the sample
environment. The sensitivity of the technique is therefore greatly
enhanced. More importantly, due to its differential nature, PM-
IRRAS can distinguish between in-plane and out-of-plane
vibrations. Vibrations which induce the transition moment
changes along the horizontal direction (parallel to the water
surface, in-plane) induce positive bands in the absorption spectra,
while vibration modes causing the transition moment changes
perpendicular to the aqueous subphase (out-of-plane) result in
negative absorption bands. When the incidence angle of the PM-
IRRAS signal is set at an optimized value (75° for pure liquid
water subphase), the highest signal/noise ratio is obtained for
the detection of absorptions both with in-plane and out-of-plane
transition moments.

Recently, this newly developed technique has been success-
fully applied to the study of arachidic acid, arachidate, dimyris-
tolyl phosphatidylcholine (DMPC), polypeptidic melittin and
other monolayers at the air-water interface.25 The average
acquisition time for these spectra is around 200-300 scans (ca.
10 min), greatly faster than the traditional IRRAS. In addition,
the quality of the spectra are significantly improved. Further
conformational and structural analysis can be readily conducted
based on these spectra. For example, it was shown that, in the
spectra of an arachidate monolayer,24,25the asymmetricνaCOO-,
which causes the horizontal transition moment, gives a positive
absorption band at 1540 cm-1 and the symmetricνsCOO-1,
which causes the vertical transition moment, gives a negative
absorption band at 1445 cm-1. Thus, information of how the
arachidate headgroup is anchored was obtained.

In this report, we present our exploration of using this
sensitive technique to study the hydrogen-bonding network
formed between a 2C18TAZ monolayer and BA at the air-water
interface. The molecular structure and orientation of the
hydrogen-bonding network formed at the air-water interface
has been readily revealed through the analysis of its PM-IRRAS
spectra.

Experimental Section

The PM-IRRAS studies of 2C18TAZ monolayer at the air-
water interface has been conducted following a very similar
instrumental setup and experimental procedure as described
previously.25 PM-IRRAS spectra have been recorded on a
Nicolet 740 FT-IR spectrometer. The 1 mM solution of 2C18-
TAZ in CHCl3 (Aldrich, HPLC grade) was spread on a simple
homemade 25 cm× 5 cm LB trough, milled in Kel-F and
equipped with an adjustable moving barrier. The subphase is

Figure 1. The 1:1 complementary hydrogen-bonding network formed
between a 2C18TAZ monolayer and BA from aqueous subphase at the
air-water interface.
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milliQ-filtered (MILLIPORE) ultrapure water. Three subphases
have been used in the study, pure water, 1 mM BA in water
and 1 mM BA in water/DMSO (v/v 80/20). The purpose of
adding DMSO to the subphase is to verify if the strong solvating
ability of DMSO can disrupt the formation of the hydrogen-
bonding network, as shown by Brewster angle microscopy
studies.21 The PM-IRRAS absorption spectra of 2C18TAZ
monolayer on the three subphases have been taken at a surface
pressure of 25 mN/m with a 4 cm-1 resolution by coadding
400 scans (ca. 15 min) and are presented as a normalized
difference vs the spectrum of the uncovered subphase obtained
under the same conditions.

Since not reported previously, the IR spectra of 2C18TAZ in
CHCl3 solution, thin solid film, KBr pellet, and its Raman
spectrum have also been recorded. The thin solid film of 2C18-
TAZ was formed by simply applying one drop (ca. 0.01 mL)
of 1 mM 2C18TAZ solution on the surface of the CaF2 cell and
waiting 10 min to allow evaporation of the solvent. The IR
spectra of 2C18TAZ in CHCl3 solution and as a thin solid film
have been obtained from a Perkin-Elmer PE-GRAMS/2000 FT-
IR spectrometer with a resolution of 2 cm-1 and coadding 200
scans per spectrum. The IR spectrum of 2C18TAZ in KBr pellet
(2 mg 2C18TAZ in 300 mg KBr were milled together) has been
recorded with a Nicolet 740 spectrometer with 4 cm-1 spectral
resolution and by coadding 200 scans. The Raman spectrometer
is a “Labram” Dilor spectrometer with a He-Ne laser. The
spectrum was obtained with a 2 min integration time at a 4
cm-1 spectral resolution.

Results and Discussion

The assignment of the absorption bands of 2C18TAZ mol-
ecules (Table 1) has been accomplished by the comparison with
the IR spectra of melamine (3, for structure, see Figure 1).26,27,28

Since the 2C18TAZ is a dialkylsubstituted melamine, we assume
the IR spectrum of 2C18TAZ should have some common
features with melamine. Although melamine is a well-known
compound, the assignment of its IR absorption bands was only
recently completed with the aid of theoretical vibrational
calculations.26 Two intense infrared peaks are observed for
melamine at 1593-1598 cm-1 and 1438-1440 cm-1 in both
the gas phase and solid argon matrix. By comparing the
theoretical calculation and analysis of deuterated melamine
spectra, the first band is assigned to the scissoring of the three
NH2 groups and the stretching of the triazine ring, while the
second band is assigned to the ring and side chain CN stretching.
Between the two most intense bands, there is a strong feature
at 1556 cm-1 (gas phase) or 1561 cm-1 (matrix) due to NCN
bending coupled with ring deformation. In the gas phase and
solid argon matrix, the NH2 scissoring absorption band overlaps

with one of the ring stretching absorption bands (1598 cm-1).
One notable feature of the melamine spectra is that the NH2

scissoring is strongly dependent on hydrogen bonding. The
hydrogen-bond donor group (NH2) of melamine is able to form
hydrogen bonds with the hydrogen-bonding acceptor group
(nitrogen in thes-triazine ring) from another melamine molecule
in the solid state. When such a hydrogen bond is formed, the
NH2 scissoring vibration occurs with higher vibrational energy,
and the absorption band shifts to higher frequency. Indeed, it
was found that, in solid state, the NH2 scissoring appears at
1653 cm-1. Comparing this to the gas phase and solid argon
matrix, the absorption band is shifted to a higher frequency by
about 60 cm-1, well separated from the ring stretch absorption
band at 1598 cm-1.26,27

It has been described that the ring stretches for aromatic and
heteroaromatic rings can be divided into two different modes,
the quadrant stretch and the semicircle stretch, as illustrated in
Figure 2.29a,b In the quadrant stretch, two-quarters of the ring
contract while the other two-quarters of the ring stretch. In the
semicircle stretch mode, half part of the ring contracts while
the other part of the ring stretches, causing the ring stretch and
deformation. The quadrant stretch ofs-triazine ring lead to an
absorption band around 1555 cm-1 while the semicircle stretch
results in an absorption frequency around 1410 cm-1.29b Each
of these two bands may be doubled if thes-triazine ring is
substituted, giving rise to multiple ring stretch bands around
this region.

As mentioned earlier, the 2C18TAZ molecule is a dialkyl-
substituted melamine. The NH2 scissoring and ring stretch
absorption bands of 2C18TAZ need to be identified first. In dilute
CHCl3 solution (Figure 3a), there are two strong bands around
the region of 1600-1500 cm-1 and multiple bands at 1450-
1350 cm-1. The band at 1577 cm-1 can be assigned as the NH2

scissoring and one of thes-triazine quadrant ring stretches of
the 2C18TAZ, while the band at 1515 cm-1 can be assigned as
another quadrant ring stretch. The multiple bands appearing at

TABLE 1: Characteristic Absorption Frequencies for Melamine and 2C18TAZ in Different Environments

state
NH2 scissors

(cm-1)
ring quadrant
stretch (cm-1)

ring semicircle
stretch (cm-1)

melaminea calculated frequency byab initio method 1593 sb 1593 s, 1563 m 1432 m
gas phase 1598 s 1598 s, 1566 m 1440 m
solid state 1563 vs 1627 sh 1580 sh 1550 vs 1467 m 1436 s

2C18TAZ CHCl3 solution 1577 s 1577 s 1515 s 1480 sh 1463 m
1430 sh 1353 w

thin solid film 1678 w 1607 m 1581 s 1527 vs 1480 sh 1468 m
1428 sh 1366 m

KBr pellet 1641 m 1593 vs 1456 w 1415 m
1358 m

air-water interface 1607 m 1580 s 1531 vs 1470 m 1434 w
1366 m

a The absorption frequencies for melamine are cited from reference 26.b vs: very strong; s: strong; sh: shoulder; m: medium; w: weak.

Figure 2. An illustration of the quadrant and semicircle ring stretch
of aromatic and heteroaromatic rings. C: contract; S: stretch.
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1450-1350 cm-1 can be attributed to the semicircle ring stretch
and the side chain CN stretch of the 2C18TAZ molecule. In the
thin solid film (Figure 3b), the multiple bands at 1450-1350
cm-1 did not show a significant shift when compared to those
in dilute CHCl3 solution. However, the absorption bands around
1600-1500 cm-1 shifted significantly and two new bands
appeared at higher frequency (1678 and 1607 cm-1). Compari-
son with the NH2 scissoring of melamine in solid state indicates
these two new bands can be assigned to the NH2 scissoring of
2C18TAZ. The absence of these bands in dilute solution and
the presence of these bands in solid state indicate that the NH2

group from one 2C18TAZ molecules is hydrogen bonded with
another 2C18TAZ molecule, just as described for melamine.
Since the nitrogen atoms from the aromatic ring have to
participate to form this hydrogen-bonding network, some of the
ring stretch vibrations are also affected by this hydrogen
bonding. One ring quadrant stretch band shifted from 1515 to
1527 cm-1 and another ring quadrant stretch band shifted from
1577 to 1581 cm-1. The semicircle ring stretching bands around
1450-1350 cm-1 remain at almost the same frequencies. In
the KBr pellet (Figure 3c), the same trend was observed. The
band around 1600 cm-1 is very broad, and two peaks are
discernible, 1593 and 1641 cm-1. The 1641 cm-1 band can be
attributed to the NH2 scissoring and the 1593 cm-1 band is due
to the quadrant ring stretch. The multiple bands at 1450-1350
cm-1 region are due to the semicircle ring stretch and remain
at almost the same frequencies as in dilute CHCl3 solution and
in thin solid films.

The Raman spectrum of 2C18TAZ pure powder (Figure 3d)
has confirmed the structure of the 2C18TAZ molecule. Two

strong absorption bands can be seen at 2880 and 2850 cm-1

which are due to CH stretch. The NH2 scissoring gave no
detectable Raman band, which is typical of aromatic amine
compounds.29c The medium absorption band appearing at 1450
cm-1 is assigned to the quadrant stretch of thes-triazine ring
and the absorption band at 1300 cm-1 can be assigned to the
semicircle stretch of thes-triazine ring. Since the NH2 scissoring
absorption is not detectable, the Raman spectrum is unfavorable
to look at the changes in the hydrogen-bonding network.

Figure 4 is the PM-IRRAS spectra of 2C18TAZ monolayer
at the air-water interface on different subphases. Compared to
the spectra obtained by conventional IRRAS at the air-water
interface on related studies,20c the quality of the spectra is
improved, while at the same time the acquisition time is largely
reduced. The spectrum of 2C18TAZ on the pure water subphase
(Figure 4a) is quite similar to the one obtained from its thin
solid film. Considering that the spectrum of the monolayer was
taken in a solid-condensed phase (25 mN/m), this result seems
very reasonable. The multiple semicircle stretch bands, 1470,
1434, and 1366 cm-1, appeared almost at the same position as
in dilute CHCl3 solution, thin solid film, and KBr pellet. The
two quadrant ring stretches (1580 and 1531 cm-1) also appeared
at the same position as in the thin solid film (1581 and 1527
cm-1). The NH2 scissoring can be found between 1660 and 1605
cm-1 as a broad negative band, also corresponding to the NH2

scissoring in the thin solid film.
As described earlier, PM-IRRAS can distinguish the hori-

zontal transition moment from the perpendicular transition
moment. If a TAZ polar headgroup with aC2V symmetry axis
is oriented perpendicular to the water surface, one can see that
the NH2 scissoring will only cause the transition moment change
in the direction perpendicular to the water surface (Figure 5),
which results in a negative absorption band. In other words,
the observation of the NH2 scissoring as a negative band further
confirms the perpendicular orientation of the 2C18TAZ mol-
ecules to the water surface.

The appearance of the NH2 scissoring band at the same
position at the air-water interface as in thin solid film suggests
that the NH2 group from one 2C18TAZ molecule formed

Figure 3. The FT-IR spectra of 2C18TAZ in CHCl3 solution (a), thin
solid film (b), KBr pellet (c), and its Raman spectrum in pure powder
(d).

Figure 4. The PM-IRRAS spectra of 2C18TAZ at the air-water
interface on different subphases: (a) pure water, (b) 1 mM BA in pure
water, (c) 1 mM BA in water/DMSO (v/v 80/20). They-axis is the
PM-IRRAS signal with arbitrary unit. The dotted line indicates the
approximate zero level of PM-IRRAS signal (i.e.,Rp ) Rs).
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hydrogen bonding with another 2C18TAZ molecule or with water
in the monolayer. Our previous studies by UV-vis absorption
spectroscopy21 has shown that the 2C18TAZ molecules formed
an irreversible monolayer at the air-water interface. The
irreversibility of the monolayer was attributed to strong inter-
molecular interactions between the TAZ polar headgroups or
between the TAZ moieties with water molecules. Combining
these experimental results, we have concluded that a stable
hydrogen-bonding network is most likely formed between the
2C18TAZ molecules with the participation of water molecules.
Due to this hydrogen bonding effect, the NH2 scissoring
absorption band shifted to higher frequency. The appearance
of a dispersive shape of the base line between 1720 and 1660
cm-1 is more probably due to the H-O-H bending of organized
and oriented water molecules at the interface, as discussed in
the previous works.24,25

The spectrum of the 2C18TAZ monolayer on the 1 mM BA
subphase (Figure 4b) shows obvious differences from the pure
water subphase. First, two bands from the 2C18TAZ molecule
have totally disappeared (the broad negative band between 1660
and 1605 cm-1 and the positive band at 1580 cm-1), and several
new bands appeared. The new bands can be easily assigned to
the BA molecules. The new peaks between 1250 and 1500 cm-1

(1490, 1413, and 1295 cm-1) are attributed to the C-N stretch
and C-H bending of the BA molecules. The two negative bands
appearing at 1671 and 1720 cm-1 can be attributed to the Cd
O stretch of the BA molecules. The appearance of these new
bands is strong evidence for the binding of BA molecules from
subphase to the 2C18TAZ monolayer.

The absorption frequency of the CdO stretch from BA is
strongly dependent on hydrogen bonding. The CdO peak of
BA in an argon matrix appears at 1754 cm-1 for the monomer
and 1732 cm-1 for the dimer. These peaks shift to 1694 cm-1

in the solid state at 20 K, owing to hydrogen-bond formation
between BA molecules.30 It was also reported that in aqueous
solution, the CdO stretches of BA appear at 1750, 1720 and
1704 cm-1. When mixed with a complementary component,
such as triaminopyrimidine (TAP), in a 1:1 ratio in water, the
carbonyl stretch shifted to lower frequency at 1673 cm-1.20a A
shift in the CdO peak of a BA derivative has also been reported
in KBr pellet, from 1737 to 1715 cm-1.31 The formation of the
hydrogen bonds weakens CdO bond strength, and the CdO
stretch occurs at lower vibrational energy. For the 2C18TAZ
monolayer on BA subphase, the appearance of the CdO stretch
absorption band of BA molecules at 1720 and 1671 cm-1 in
the PM-IRRAS spectra verified the existence of hydrogen
bonding between BA and TAZ moieties at the air-water
interface.

Another noteworthy point needed be discussed is the negative
signature of these two bands. To bind with 2C18TAZ molecules
complementarily with six-point hydrogen bonding, the BA
molecules will have to orient themselves in the direction as
shown in Figure 6, with the C-2 carbonyl group oriented
vertically toward the air, and the C-4 and C-6 carbonyl groups
oriented toward the water subphase. The three carbonyl groups

in BA can vibrate symmetrically (Figure 6a and b) or antisym-
metrically (Figure 6c) to give multiple or broad absorption
bands.29d With the orientation of BA molecules shown in Figure
6, theC2V symmetry axis of BA molecule is normal to the water
surface and the twoC2V symmetrical stretches of the three Cd
O bonds can only cause transition moment changes perpen-
dicular to the water surface, which leads to two negative
absorption bands. On the other hand, the antisymmetrical stretch
of the three CdO groups shown in Figure 6c may cause
transition moment changes both along the horizontal and
perpendicular direction, which leads to both positive and
negative absorption bands. However, there is no discernible
positive band appeared in this region from 1750 to 1600 cm-1.
One possibility is that the positive band might be overlapping
with other absorption bands. The other possibility is this
vibration mode becomes inactive in the hydrogen-bonding
network compared to its nonbonded state. The antisymmetrical
vibration of the three CdO groups shown in Figure 6c will
disrupt theC2V symmetrical linear hydrogen-bonding network,
which is energetically unfavorable. The absorption intensity of
this vibration mode is therefore decreased to a nondetectable
level.

The analysis of the absorption bands arising from the TAZ
polar headgroups is also very informative. Two bands from 2C18-
TAZ molecules disappear, the negative NH2 scissoring band
around 1660 to 1605 cm-1 and one of the positive ring stretch
bands at 1580 cm-1. The disappearance of these two bands is
attributed to the presence of a rigid hydrogen-bonding network.
As shown in Figure 1, once the TAZ moiety forms a comple-
mentary hydrogen-bonding network with BA by six-point
hydrogen bonding, the NH2 scissoring vibration becomes
inactive. It was noticed previously for melamine compounds
that, if all NH2 groups are replaced by NHR or NR2 groups,
the NH2 scissoring absorption band disappears.29bThe formation
of hydrogen bonds between NH2 groups with CdO from BA
can be envisaged as a disubstitution of the two protons on the
NH2 groups. Similar phenomena have also been found in the
1:1 complementary hydrogen-bonding assembly of BA and TAP
in aqueous solution.20a For pure TAP in water, the NH2
scissoring absorption band appears at 1620 cm-1. When mixed
with BA in a 1:1 ratio in water, this band completely disap-
peared. The disappearance of absorption band at 1580 cm-1 of
the 2C18TAZ monolayer on the BA subphase is due to the same
reason. As explained earlier, the nitrogen atoms in thes-triazine
ring have to participate in the hydrogen-bonding network as
hydrogen bond acceptors. This will cause some of the ring
stretching vibrations to become inactive. The absorption bands
resulted from these vibration modes disappear.

Figure 5. An illustration of the perpendicular orientation of 2C18TAZ
to the water surface and the NH2 scissoring vibration mode.

Figure 6. An illustration of the orientation of BA molecule in the
hydrogen-bonding network and the transition moment changes caused
by the symmetrical or antisymmetrical stretch of three CdO groups.
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Furthermore, the effects of the addition of a polar organic
solvent, DMSO, to the subphase on the hydrogen-bonding
network was also investigated by this technique. As concluded
from our previous work, the addition of a polar solvent such as
DMSO to the subphase partially disrupts the formation of
hydrogen-bonding network between 2C18TAZ monolayer and
BA. This is due to the strong solvation of the TAZ polar
headgroups and BA by DMSO. Figure 4c shows the PM-IRRAS
spectra of 2C18TAZ monolayer taken from 1 mM BA in water/
DMSO (v/v 80/20) subphase. Some discernible changes have
been brought by the addition of DMSO. First, the relative
intensity of the absorption bands of BA molecules to the 2C18-
TAZ monolayer absorption bands is decreased in the water/
DMSO subphase, indicating fewer BA molecules binding to
the monolayer. Second, there are some obvious shifts of the
CdO stretch absorption bands. The two negative bands appeared
at higher frequencies, 1736 and 1721 cm-1 on water/DMSO
subphase, compared to the 1720 and 1671 cm-1 on the pure
water subphase. The shift of the CdO stretch of BA to higher
frequencies indicates a weaker hydrogen bonding effect. More
importantly, there is a new positive band appearing at 1630
cm-1. Due to the partial disruption of the hydrogen-bonding
network, the BA molecules regain more freedom in a less rigid
structure. Some of the vibration modes which are inactive in
the network, such as the antisymmetrical stretch of three CdO
groups from BA, may become active again, giving rise to
absorption bands such as the one at 1630 cm-1, with detectable
intensities. All in all, the appearance and disappearance of
absorption bands from the CdO stretch strongly suggests a
different organization and orientation of BA molecules on water
subphase from water/DMSO mixed subphase.

In summary, the present study describes a newly developed
analytical technique, PM-IRRAS, for the study and characteriza-
tion of molecular structure and orientation of monolayers at the
air-water interface. Compared to the conventional IRRAS, the
sensitivity of the technique is greatly increased. Within much
shorter acquisition time (less than 500 scans for PM-IRRAS vs
more than 2000 scans for conventional IRRAS), high quality
spectra can be obtained and further analysis is readily conducted
based on these spectra. For the first time, the structure and
molecular orientation of a hydrogen-bonding network formed
between a 2C18TAZ monolayer and BA from aqueous subphase
at the air-water interface has been much more clearly charac-
terized and verified from their PM-IRRAS spectra. These studies
will help in the future design of supermolecules using hydrogen
bond as noncovalent synthetic tool. It is expected that this highly
sensitive and informative molecular characterization technique
will become an extremely important and powerful analytical
tool in surface chemistry research, especially in the study of
molecular recognition at the air-water interface to mimic the
biological function of cell and biomembranes.
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