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UV —vis reflection spectroscopy has been used for proving in situ the organization of pure viologen and
hybrid viologen tetracyanoquinodimethanide monolayers at thewaiter interface. Other more classical
measurements concerning Langmuir monolayers, including surface preaseaeand surface potential

area isotherms, are also provided. The organization of the viologen in the Langmuir monolayer was investigated
upon the different states of compression, and the tilt angle of the viologen moieties with respect to the water
surface was determined. A gradual transition of the viologen molecules from a flat orientation in the gas
phase to a more tilted position with respect to the water surface in the condensed phases occurs. The addition
of a tetracyanoquinodimethane (TCNQ) salt in the subphase leads to the penetration of TCNQ anions into
the positively charged viologen monolayer forming a hybrid viologen tetracyanoquinodimethanide film where

a charge-transfer interaction between the two moieties is observed. From a quantitative analysis of the reflection
spectra, an organization model of these hybrid monolayers at thevater interface is proposed, suggesting

a parallel arrangement of viologen and TCNQ units with a 1:2 stoichiometry.

Introduction or salts of 4,4bipyridine. The electrochemical properties of LB
films of viologens have shown a great dependence on several
Jrarameters including the orientation of the molecules on the
films®~13 as well as the type of counteritfil” present in the
subphase and, therefore, incorporated into the LB film during
the transference proce$sAlthough there is a considerable body

f published work dealing with the electrochemistry of thin solid
ilms of viologen derivative% 1016171924 35 well as other

Monomolecular films at the airwater interface have gained
the attention of many research groups in the last two decade
due to both their theoretical interest and their potential use in
the development of components for industrial applications. The
reason for such an interest lies in the molecular architecture
achieved by these monolayers that confers properties upon the
that can be very different from those of unoriented bulk - 0= ) o o7 .
materials. Nevertheless, the prerequisite to the final application potential applications of these viologen filffs?’ there is
of these organized systems is an extensive knowledge of therelatlv_ely_ _Ilttle_ data available f_or the (_Jletalled organization of
structure of the monolayer itself, i.e., a thorough understanding @MPhiphilic viologens at the aiwater interfacé? Therefore,
of the monolayer behavior is essential for exploiting the ©ne of the aims of this paper is to discuss the “in situ”
technique of Langmuir and LangmsiBlodgett (LB), which characterization pf Langmuir films of a viologen derivative
allows the creation of films with a high internal order, the (Structure shown in Chart 1a) onto pure water by means of UV
desired number of layers, and the possibility of depositing ViS rgflectlon spectroscopy in addition to complementary data
alternate monolayers of different molecules. In this context, provided by the usual monolayer techniques.
researchers around the world have developed a number of On the other hand, electrically active LB films based on
surface-sensitive experimental methods for proving “in situ” the charge transfer (CT) complexes have attracted a lot of attention
organization of molecules on the water surfacene of these for application in nanoscale molecular devices including electri-
techniques is UV-vis reflection spectroscopy whose main cal circuits, rectifiers, nanowires, switches, and sensors. It has
advantage is that it applies to the-awater interface, affording  been reported elsewhere that tetracyanoquinodimethanide coun-
an “in situ” study of the monolayer and detection of physical terions strongly affect the electrochemical properties of violo-
or chemical processes such as adsorption or penetration ofgens in the solid state and solutiéh$* as well as in LB
molecules from the solution into the interface (the bulk subphase films.16-17Thus, in this paper we also try to provide some insight
is not recorded by this method) or polymerization reactions at about the organization of hybrid viologen tetracyanoquin-
the interface it also provides information about the aggregation odimethanide films that were fabricated spreading the viologen

state of the moleculesthe formation of hydrogen bondsyr, onto aqueous solutions containing a tetracyanoquinodimethane
by means of the appropriate calculations, the determination of (TCNQ) salt (Chart 1b). It is well-known that viologens and
the tilt angle of the molecules at the -aivater interface:” tetracyanoquinodimethanide anions form CT complexes in the

Some of the most fascinating electrochemical compounds solid staté characterized by a broad and relatively intense band
studied in Langmuir and LangmeiBlodgett films are viologens  in the UV—vis region. Consequently, the formation of a CT
complex when a viologen derivative is spread onto an aqueous

* Corresponding author. E-mail address: mcarmen@unizar.es. Telephone ini i i i i i
number- 00 34 976 76 22 96, Fax number 00 34 976 76 12 02. subphase containing atetracyanoqumodlmetha}mde saltis likely

t Ciudad Universitaria. and probably detectable by means of the reflection spectroscopy.

*Max Planck Institute for Biophysical Chemistry. Moreover, the use of aqueous solutions of LITCNQ as subphase
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CHART 1: Chemical Structures of (a) 1,1-Dioctadecyl-
4,4-bipyridilium Dication and (b)
Tetracyanoquinodimethanide Anion

N
o

(@)

+/ — \ + 30,
CigHaz =N )~ N~CisHar
a
NC CN .
/:®:\ * LITCNQ 2-10° M
NC CN 10
b

Surface pressure (mN/m)

has certain advantages from the point of view of the Langmuir
film characterization. Thus, the LITCNQwater solutions have

a band in the visible region (around 600 nm), far from that due
to the viologen moiety (around 270 nm), and therefore, the
TCNQ moieties should be easily detected by reflection spec-
troscopy if they penetrate into the floating monolayer providing
information about the interactions between the viologen and the
TCNQ@~ as well as data about the orientation of the anions in
the monolayer. Furthermore, some models about the arrange-
ment of the viologens in the monolayer at the-airater
interface as well as the penetration of the TCNQ anions onto
the monolayer and their relative orientation with respect to the
viologen moieties are presented.
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1,1-Dioctadecyl-4,4bipyridilium dibromide, (2GgV)Br,, and Area per molecule (nm )
1,2-dimethyl-4,4-bipyridilium dichloride (methyl viologen)  Figure 1. (a) Surface pressure and (b) surface potential vs area per
were purchased from Aldrich, and no further treatment was CeV molecule isotherms onto the indicated subphases.
carried out. Solutions of (2V)Br, were prepared in chloroform/ ] ) ) ] )
absolute ethanol in the rate 4:1. The chloroform was HPLC Source FiberLight DTM 6/50 which consists of a deuterium lamp
grade (99.9%) purchased from Aldrich, and the ethanol was @nd @ tungsten lamp which are both installed in a ceramic cell.
HPLC grade (99.0%) purchased from Normasolv. The solutions AN internal lamp shutter is electronically controlled. The
were used as fresh as possible. Li(TCNQ) was provided by Dr. FiberLight produces white light in the spectral range from 240
Ballester from Universidad Complutense de Madrid (Spain). Its t© 1000 nm, and there is a multichanel spectrometer for analyses
purity (better than 99.0%) was checked by spectroscopic In the same spectral range using a grating and a CCD diode
techniques. Aqueous solutions of LITCNQ to be used as &ay as detector. The absolute wavelength accuracy0i8

subphase in the trough experiments were prepared employing™™; the resolution (Rayleigh-criterion) #s3 nm. A bifurcated

Millipore Milli-Q water whose resistivity was 18.2 K-cm. UV —vis fiber with 20 multimode fibers in each arm conducts,
The LITCNQ solutions were stored in darkness, and they were through the first arm, the light from the source to a sensor unit
always used within 1 month. that collimates the light to the monolayer and focuses the

reflected light into the fibers that, through the second fiber arm,
is conducted to the spectrometer. A blackplate situated in the
bottom of the trough is used to eliminate the stray light. The
background correction spectrum (clean surface) is taken prior
to the spreading process. The software provided by Nanofilm

syringe held very close to the surface allowing the surface @"d Nima permits control of the trough and the reflection
pressure to return to a value as close as possible to zero. ThsPectrometer recording the-A isotherms and reflection spectra

initial surface density of the films was such that the surface Simultaneously. The low barrier speed was chosen to minimize

pressure never exceeded 1 mN/m. The monolayer compressioﬁhe relaxatior! phenomena of the monolayer during the recording
started after waiting for 15 min so that the solvent had of the reflection spectra.

completely evaporated, and it was carried out at a constant
sweeping speed of 6.& 10°3 nm#/(moleculesmin). Each
compression isotherm was registered at least three times to The surface pressure/area per molecuate4) isotherms for
ensure the reproducibility of the obtained results. All the the viologen derivative together with the surface potentidd{
experiments were performed in a clean room whose temperatured) isotherms are shown in parts a and b of Figure 1, respectively,
was kept constant at 28 1 °C. TheAV—A measurements were  for the following subphases: (i) pure water, (i) fOM, and
carried out with a vibrating plate condensor of the type described (iii) 2 x 1076 M aqueous solutions of LITCNQ.

earliers® As counter electrode, a squared Pt plate 3 cmin length  When the subphase is pure water, the surface pressure starts
was placed at the bottom of the trough. The s reflection rising at an area of ca. 1.50 Rfmolecule. Meanwhile, the take
experiments, whose fundamentals were reported elsewhere, off in the isotherm takes place at a higher area, ca. 1.6 nm
were recorded with a spectrophotometer provided by Nanofilm molecule, if a 166 M LiTCNQ aqueous solution is employed
Technologie GmbH. The reflection spectrometer has a light as subphase, and at 2.05 #molecule when the subphase is

The films were prepared on a NIMA trough whose dimen-
sions are 720« 100 mn?. Floating monolayers or Langmuir
films were fabricated spreading 0.5 mL of a#(M solution
of (2C18V)Br, onto water or aqueous solutions of LITCNQ £0
or 2 x 1078 M. The spreading solution was delivered from a

Results and Discussion
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Figure 2. Reflection spectra (left) and normalized reflection spectra (right) of viologen monolayers spread onto the indicated subphases. The inset
graphs are magnifications of certain regions of interest discussed in the text.

2 x 107° M LiTCNQ. The surface pressure increases monotoni- nucleation for the formation of domains during the nonequi-
cally upon compression until an overshoot above 30 mN/m is librium compression procesg,or (iv) collapse of the mono-
reached when the subphase is pure water. When the subphaskayer3® Such a phenomenon has also been observed in isotherms
contains the TCNQ salt, the overshoot is less evident althoughof viologen derivatives using subphases different from those
a drastic change in the slope of the isotherm can also be seenreported heré®® Nevertheless, no definite cause of the over-
The precise surface pressure, shape, and size of the overshoahoot in 7—A isotherms of viologen derivatives has been
are highly dependent on the sweeping speed and on the subphaseported although some auth¥%%18.1°have indicated that it
nature. The size and shape of the plateau region after thecould be due to either a bilayer formation or a reorganization
overshoot also depend on the subphase nature as can be seerf the viologen units from a horizontal position to a more vertical
in Figure 1la as well as on the speed of compression (data notone. In any case, it is difficult to establish the origin of the
shown although a comparison can be made with previously overshoot and the plateau of the isotherm just from the
reported dafé19. The presence of overshootsrir-A isotherms isotherms.
has been widely reported by many authors and attributed to The expansion of the viologen monolayer when the TCNQ
several reasons including (i) slow rearrangement of the head-salt is added to the subphase could be due to either (i) the
groups®® (ii) a change in steric configuratiod$ iii) a lack of incorporation of the organic anion into the viologen monolayer
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separating these molecules laterally or (i) the TCNQ arranged 0.10 3.5-10° M methyl viologen in water
underneath the V|_ologen pulling the viologen molecult_es apart. N 7.010° M LITCNQ in water

The first explanation seems more reasonable according to the 3.5:10° M methyl viologen+7.0-10° M LITCNQ)
experimental data provided both by th&/—A isotherms and in water

by the reflection spectroscopy data that are shown below. The
surface potential of the monolayer decreases considerably when
the subphase is a LITCNQ solution compared to a pure water
subphase. However, the obtained value cannot be explained just
by modifying the electric double layer due to adsorption of the
TCNQ ™ underneath the viologen as shown below. The mono-
layer surface potential\V, when the double layer contribution
(ionized monolayers)¥Wy, is included in the Helmholtz equa-
tion,*0 is given by

Absorbance
o
o
el

0.00

AN

300 400 500 600 700 800 900
AV = (u/Aeeq) + W, 1) A (nm)
Figure 3. UV —vis spectra of pure methyl viologen and pure LITCNQ

solutions in water together with their mixture in the 1:2 proportion
(cuvette length= 1 cm).

whereun is the normal component of the dipole moment per
molecule and, andeg are the relative water dielectric constant
and the permittivity of the vacuum, respectivel¥/y can be

obtained from the GouyChapman model. Thus, if the surface 3

is supposed to be uniformly charged, homogeneous, and Viologen _a“heoel
considered as a nonpermeable plane, and assuming that the ‘TE a';"ger:r:}terfa
double layer consists of single point charges, then the Gouy o 1.60 nm?
Chapman model leads to the equatiof® < 2] 1.40 nm’
Q Methyl viologen 11‘280""122
W, = Esinh_l __ex ) E Jin water solution, oo
e "™ avBeeaT, = ,
S 1

wherek is Boltzmann'’s constant, is the absolute temperature, = )
e is the electron chargey is the degree of dissociation of the w ,/
headgroup A is the area per molecule, ar@, is the bulk . ‘
counterion concentration in the subphase (the counterions of o) . . . -
the positively ionized viologen monolayers are Okand 220 240 260 280 300 320
TCNQ~ when pure watet® and LITCNQ solutio®® are used A (nm)

as subphases, respectively).

When the pure viologen monolayer is formed onto a pure Figure 4. Molar absorptivity of a viologen m_onolayer onto a water
water surface, the experimental surface potential at & nm z?tr’r‘]):tflsleJ;?griidiﬁtvf;‘éfr:élzﬁgﬁce densities and molar absorptivity
molecule is around 0.675 V, while it drops down to 0.233 and 4 g '

0.219 V for the monolayer spread onto an aqueous solution of band in the 606700 nm region, attributable to the TCNQ
106M and 2x 1075 M LiTCNQ, respectively. Therefore, the  anions in a dimeric state, indicates the presence of TCNQ anions
change in surface potential at 1 #fmolecule is 0.442 V (1¢° at the air-water interface. Obviously, such a band is not present
M LITCNQ) and 0.456 V (2x 1075 M LITCNQ) with respect when pure water is employed as subphase. Moreover, there is
to the pure water subphase. Nevertheless, according to eqs Bnother broad band situated in the 3@®0 nm region.
and 2, if the surface density of the adsorbed ions is not more Typically, a charge transfer (CT) complex is detected in the
than that of the headgroups, the drop surface potential shouldUV —vis range when two compounds are brought together and
be around 0.060 and 0.075 V for M LITCNQ and 2 x a new band is formed that was not present in the spectrum of
106 M LITCNQ, respectively. The differences between the either component (see Figure 3). Viologens are excellent electron
experimental values and those obtained from the Gouy acceptors and TCNQ is a well-known donor which makes
Chapman model could be due to the incorporation of the TCNQ highly probable a CT interaction between the two components.
anion inside the viologen monolay¥mesulting in the formation The appearance of a band in this region of the spectrum has
of one more double electric layer inside the monolayer. This been previously attributed to a CT interaction in viologen
layer consists of positively charged viologen groups and derivatives?®4> and some authors reported the formation of
negatively charged TCNQ ions. The latter have a negative viologen-TCNQ charge-transfer complexes in the solid stéte.
contribution to the total potential, explaining the low surface So far, there are no reliable accounts of solution phase CT of
potential of the monolayers spread onto the LITCNQ solutions. viologens with TCNG? although a tiny new band at ca. 420

The expansion of the isotherms and the drastic drop in surfacenm can be seen in a water solution containing the two materials
potential when LITCNQ is present in the subphase point out (Figure 3).
the incorporation of the TCNQ anions into the monolayer, but  Figure 4 shows the comparison between the molar absorp-
this phenomenon is more clearly evidenced by reflection tivity spectra of the 1,*dioctadecyl-4,4bipyridilium cation at
spectroscopy at the atwater interface. Reflection spectraR, the air—water interface at several surface pressures and the
of monolayers on a water subphase at several surface pressurespectrum of methyl viologen dichloride in water. This last
are shown in Figure 2a as well as the normalized reflection compound was chosen for this comparison instead 'ef 1
spectra defined a&R, = AR-area per molecule. Parts b and ¢ dioctadecyl-4,4bipyridilium dibromide given that the methyl
of Figure 2 show the spectra of monolayers prepared ont® 10 viologen is water soluble and therefore the environment in a
and 2x 10 M LiTCNQ subphases, respectively. The broad water solution resembles more the one at thewater interface
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Figure 5. 7—A isotherm of the viologen derivative onto a pure water
subphase (left) and tilt angle formed by the dipole transition moment
of the viologen and the water surface (right) vs area per molecule.

Subphase

instead of an organic solvent. The molar absorptivity (s

wavelength spectra shown in Figure 4 have been calculatedThis equation is applicable only if there is a homogeneous

according to the following: distribution of the viologen transition moments around the
surface normal. In conclusion, the decrease in the normalized

air—water interface spectrum when the surface pressure increases is related to an
increase in the tilt angle of the viologen moiety with respect to

€ = ARI2.303'10 °R,? 3) the water surface. In the lines below, the calculation to obtain
) this tilt angle is presented.
solution An integration of the absorption band of the methyl viologen
e = A/Cl (4) in water yields an oscillator strength bf= 0.5028 according

to the equatioff

whereT is the surface density given in mom=2, R, is the

water reflectivity, A is the absorbanceC is the solution f= 4eg2.3031,C, f cdv=1.44x% 10719f edv (6)

concentration, antis the cell width.C andl| units are molL~1 N Ae2 band ' band

and cm, respectively. Therefokeis expressed in cr-mol~21-L.

As can be seen in Figure 4, there is a red shift of the whereeg is the permittivity of vacuumie the electron mass,
maximum wavelength of the spectra recorded at thesater the electron charge, the light speed in a vacuum, ahy the
interface compared to the solution spectrum. This red shift could Avogadro constant. The factor 1.44 10719 is expressed in
be attributed to either the formation of associates of the viologen mol-L~1-cm-s. The value of the oscillator strength of (2)-
units or, more likely, taking into account that we are dealing Br, has been determined in acetonitrile yielding a value of
with a small shift, to a less polar environment. This less polar 0.5169, which is quite similar to that of methyl viologen in
environment of the viologen moiety could be due to the contact water. We have chosen the oscillator strength of methyl viologen
of the chromophore unit with at least one hydrocarbon chain in water for the calculations in order to minimize the possible
when the surface pressure increases, which would indicate aneffect of the solvent?
increase in the tilt angle when the area per molecule decreases. The comparison of the oscillator strength obtained in solution
We will see shortly that a quantitative analysis of these spectrawith the apparent oscillator strengthy, calculated from the
confirms an increase in the tilt angle of the viologen unit with  measured reflection spectra, allows the determination of the

respect to the water surface upon compression. orientation factor defined as
In solution, the orientation of the viologen units is at random
and, therefore, the absorption must be proportional to a factor fapp
of 2/ given that only two out of the three components of the Forient = f @

transition moment of the viologen group are interacting with
the incident unpolarized ligHtNevertheless, at the aiwater ~ Wherefapy is given by
interface, there is a preferential orientation of the viologen units
which, according to Figure 4, must change under compression,f,,,= 2.6 x 10 % [ areaARdv =
i.e., the more parallel the transition moment of the viologen to 1o
the water surface the higher the intensity of the reflection 26x 107 [ AR dv (8)
spectrum; therefore, an orientation factor can be defirfeatk:
a general case, and with a statistical distribution of the transition ~ The numeric factor 2.6<x 1072 is expressed in nn¥-s.
moments around the surface normal, the orientation factor is Substitution of the values obtained in eq 6 (oscillator strength)
given by and eq 8 (apparent oscillator strength) in eq 8 give the orientation
factor that substitution in eq 5 yields the anghe,formed by

_ 3.2 the normal to the surface and the dipole transition moment of

orient = 5 SI 0 ®) the viologen unit.
Figure 5 shows the—A isotherm (left) together with the tilt

where@ is the angle formed by the normal to the surface and angle, ¢ (right), defined as the tilt angle with respect to the
the transition dipole moment of the viologen unit (Chart 2). water surfaced = 90 — 0) expressed in degrees (see Chart 2),

f
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&
8

vs the area per molecule. It should be noted that spectra recorded
in the gas phase of the isotherm (2:3IZ50 nn?) show a high
dispersion in the angle values, probably due to the presence of
nonuniform domains in the monolayer underneath the fiber-
optics detector, that produce significant fluctuations in the
signaf’® from one measurement to another. As soon as the
isotherm takes off, all the spectra follow a logical evolution
and the three experiments performed yielded very reproducible
tilt angle values. From Figure 5 it can be concluded that, at
low surface density, the viologens are situated in a lying flat
position (more polar environment and shorter value of the
maximum absorption wavelength), but as the surface pressure |
increases, the viologen units suffer a transition to a more vertical e e
position (less polar environment of the viologen units and slight 0.0 05 1.0 1.5 2-02

red shift of the maximum wavelength). There are two sudden Area per molecule (nm”)
changes in the tilt angle of the viologen groups upon compres- Figure 6. 7—A isotherm of the viologen derivative onto a£aM

sion, the first one takes place between 2 and 1.3, m@, in LITCNQ aqueous subphase (left) and tilt angle formed by the transition
the region prior to the increase in the surface pressure, and themoment of the viologen (circles) or TCNQ (triangles) and the liquid
second one occurs in the vicinity of the overshoot in the surface (right) vs area per molecule. The tilt angles have been calculated
isotherm. Before the overshoot, the aromatic rings of the 2SSUMIng a viologen/TCNQ 1:2 stoichiometry.

VIO|Ogen derivative have a tilt al"lg|e of ca.®ith respect to CHART 3: Model of Organization of V|O|ogen

the water surface; afterward, in the region after the overshoot, Tetracyanoquinodimethanide Monolayers at the Air—

¢ gradually increases until it reaches ca’ 5ididicating that Water Interface

the overshoot is caused by a reorganization of the viologen units

but not a collapse, where a drastic increase in the reflection

intensity due to a multilayer formation would have been

expected and, therefore, an apparent decrease in the tilt angle g » »

of the viologen group. Such an increase in the intensity of the

reflection spectra is effectively observed in the collapse of the

monolayer (spectra not shown for clarifying purposes). A i i i

complete description of the overshoot should also take into Air
consideration other factors. Thus, as we said above there is a
significant influence of the speed of compression on the size
of the over§h_oot_ and the _pre(_:ise surface pressure at WhiCh itto form the CT complex. Therefore, the TCNQ moieties should
appears; this indicates a kinetic factor that has been previously

. @ o S . have a very similar tilt angle to that of the viologen. The tilt
interprete as metastability of the monolaye.r in this region. angle of the TCNQ anions can be easily determined by means
The alkyl chains have been reportth plgy an |mportant rolg .__of the integration of the 506800 nm band in the reflection

on the surfac_e pressure of the_ plateau n the |s_oth_e_rms glvlngSpectra, taking into account the number of TCNQ anions
that lateral side chain interactions contribute significantly to

- incorporated per viologen unit, and the calculation of the
monolayer stability. The absence of a constant surface Pressure s iilator strength from solutiori & 0.0357). On the other hand,

plateau as observed here has also been related to side chaigg oggijjator strength corresponding to the 2820 nm band
crystallization by Xiao et &t Data provided by other tech-  paspoan estimated as the sum of the viologen oscillator strength
nigues, capable of anglyzmg the alkyl c_:ham behavior upon the (f = 0.5028) and the TCNQ oscillator strengthf(= 0.2553)
monolayer compression, could contribute to complete the mtipjied by the number of TCNQ anions incorporated into
information provided by the reflection spectroscopy. the monolayer. I values obtained from the integration of the

A similar procedure can be applied to calculate the tilt angle pands in the 246320 nm and 5086800 nm coincide or are
of the viologen unit and even the tetracyanoquinodimethanide very similar to each other, the hypothesis of a parallel arrange-
anions when a LITCNQ aqueous subphase is employed. ment of the two moieties would be plausible. These calculations
Nevertheless, these calculations present certain difficulties. Thus have been performed for several viologen/TCNQ stoichiometries
there are three unknown quantitie®igogen ftcng and the  obtaining significant differences between the tilt angle calculated
average number of TCNQ anions incorporated per viologen from the integration of the two bands, except in the case of a
unit), but there are only two bands to be integrated; i.e., we viologen/TCNQ 1:2 stoichiometry where an excellent agreement
have a system of two equations and three unknown quantities.is obtained before the overshoot as shown in Figure 6 for a
Besides, it should be taken into account that TCN@oieties LITCNQ 106 M subphase (the same stoichometry is obtained
present a band in the 24320 nm region that overlaps the for a LITCNQ 2 x 1075 M subphase as we will see later on).
viologen band. Therefore, the band observed in the reflection Besides, the last situation would be stoichiometry of charges.
spectra is the contribution of the viologen and the TCNQ  On the basis of these results, a schematic model of molecular
Consequently, we should discriminate between these two organization at the airwater interface is depicted in Chart 3.
contributions in order to calculate the tilt angle of both materials.  The excellent agreement between the viologen and the
To do so, we have assumed that the more stable situation inTCNQ ™ tilt angle in the region between the gas phase and the
the monolayer should correspond to a parallel arrangement ofovershoot is not accomplished after the overshoot. The apparent
the viologen units and the TCNQ anions. In this way, the tilt angle of the TCNQ@ is lower than that obtained for the
interaction of the two aromatic units would be maximum with viologen indicating that the intensity of the TCRQspectrum
a better charge compensation and a more effective interactionis higher than expected for a parallel arrangement of the viologen

® Viologen
TCNQ

2

8
(sea16ep) ¢ O[8ue 1],

kS

Surface pressure (mN/m)
= N

Subphase
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CHART 4: Model of Organization of Viologen 40 90
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and TCNQ™ for a 1:2 stoichiometry; i.e., the model proposed Area per molecule (nmz)

in Chart 3 is no longer yalid beyond'the overshoot. We have Figure 7. 7—A isotherm of the viologen derivative onto ax2107°
thoug_ht about two _possmle expl_anatlons f_or this discrepancy. \, LiTCNQ aqueous subphase (left) and tilt angle formed by the
The first proposal is a sudden incorporation of more TCNQ ansition moment of the viologen (circles) or TCNQ (triangles) and
units into the monolayer which would cause an increase in the the liquid surface (right) vs area per molecule. The tilt angles have
intensity of the band around 600 nm. This hypothesis could been calculated assuming a viologen/TCNQ 1:2 stoichiometry.
agree with the formation of H aggregates (blue shift of the

TCNQ-band). Nevertheless, we do not give much credibility case an ejection of some TCNQ anions from the interface to
to this model as a decrease in th¥ values would be expected the subphase where they are not recorded by reflection
and, on the other hand, it is hard to believe that in a compact spectroscopy. Thus, if we assume that the TCNQ anions in the
state of the monolayer more anions are incorporated, especiallyinterface are still parallel to the viologen ones in the plateau
if the viologen charge was already compensated before theregion, a 1:1 stoichiometry is needed to reach an agreement
overshoot. The second possibility is that a small number of between both angles, which means that some TCNQ anions have
TCNQ anions are expelled from their initial position in the gone into the subphase, which is in agreement with the increase
monolayer, due to steric hindrance at a high compression stateof the surface potential observed in Figure 1.

of the monolayer, and these anions are situated underneath the

viologens acquiring a lower tilt angle with respect to the water conclusions

surface, justifying in this way a more intense band in the

reflection spectra (perhaps forming H aggregates with other ~This paper has aimed at a better understanding of the
TCNQ anions in the subphase) and a worse viologen chargeorganization of viologen monolayers at the-aivater interface.
compensation according to an abrupt increase in the surfaceThe z—A andAV—A isotherms as well as reflection spectros-
potential as observed in Figure 1. The CT band intensity in the copy indicate that viologen moieties undergo a gradual transition
normalized reflection spectra increases its intensity when the from a more or less flat orientation in the gas phase to a tilted
surface density increases (inset Figure 2b right) suggesting aone, showing an angle of ca. 48efore the overshoot. The
more effective CT interaction between the viologen and the overshoot in ther—A isotherm has been interpreted as a further
TCNQ units, probably favored by a more compact packing when reorganization of the molecules at the -awvater interface,

the surface pressure increases. Nevertheless, after the oversho#gaching a tilt angle above 5@after the plateau in the isotherm.
this tendency (increase of the CT band) is inverted indicating Other factors such as kinetic effects and influence of alkyl chains
that now there is a worse CT interaction, which supports this could also play a significant role on the overshoot.

second proposal. Chart 4 illustrates this model. Researchers worldwide have always sought fruitful combina-
The spectra recorded on ax2 1076 M LITCNQ subphase tions of molecules to produce new complexes, adducts, or
were analyzed in the same way as for the®1® LITCNQ compounds showing new and useful properties. Thus, prompted

subphase. Again the agreement between the viologen andby these attempts we have prepared hybrid viologen tetracy-
TCNQ tilt angles is achieved for a 1:2 stoichiometry before anoquinodimethanide monolayers at the-aater interface by

the plateau in the isotherm (Figure 7). The main difference means of the incorporation of TCNQ anions from the subphase
between the results obtained in both subphases is the differeninto the positively charged viologen monolayers. Such a
tilt angle, being lower when a more concentrated subphase ispenetration of the subphase anions into the monolayer was
employed. Probably, a higher TCRQconcentration yields a  demonstrated by means of the-A, AV—A, and more clearly
less polar environment at the awwater interface and, therefore, by UV—vis reflection spectroscopy. A simultaneous quantitative
the viologen units tend to increase their contact surface with analysis of the two active molecules in the BVis region has

the aqueous surface. A lower tilt angle is in agreement with the facilitated the investigation of the viologen tetracyanoquin-
expansion of the monolayer when the LITCNQ concentration odimethanide hybrid monolayers allowing the suggestion of an
increases. On the other hand, after the beginning of the plateauorganization model at the aiwater interface. In this model, a

in the isotherm, the angles obtained for the viologen and the parallel arrangement of viologen and TCNQ units with a 1:2
TCNQ ™ are different, indicating that either the stoichiometry stoichiometry is proposed. After the overshoot this model is no
proportion changes or the assumption that the viologen andlonger valid and a possible explanation is that TCNQ units are
TCNQ anions are parallel to each other is no longer true. In ejected from their initial position in the monolayer, being just
this case, unlike the less concentrated LITCNQ solution, the adsorbed beneath the viologen units in a more horizontal position
discrepancy occurs not immediately after the overshoot but a or even squeezed into the subphase. Throughout this paper UV
bit later. The reason the model proposed in Chart 3 is not valid vis reflection spectroscopy has shown itself as a powerful tool
at high surface densities in the plateau region could be in this for the in situ characterization of floating monolayers from a
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qualitative and a quantitative point of view, allowing the

determination of the penetration rate of materials present in th

subphase into the monolayer.
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