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2-naphtholo-6-sulfonamide (NSDA) undergoes an excited state proton transfer to the environment
when incorporated into Langmuir—Blodget (LB) films. We present the effect of acetic and hydrochloric
acids, as well as ammonia and water vapour, on the fluorescence and absorption spectra of LB films.
Acetic acid inhibits deprotonation of the excited state (ESDP), enormously (by up to 2 orders of magni-
tude) increases the fluorescence quantum yiéldof NSDA, blue-shifting its fluorescence band. The
influence of hydrochloric acid on the fluorescence of NSDA is similar, although the enhancem®nt of
lower in this case. Ammonia leads to the promotion of ESDP and an incre@sé\Mater vapour does
not change the fluorescence intensity markedlyitonicreases the probability of ESDP. These observa-
tions can be explained by the formation of a complex between acetic acid and NSDA, and by limited
penetration of ammonia and water into the film.
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1. Introduction

The fluorescence of some dyes and aromatic compounds included into Langmuir
—Blodgett (LB) films has been extensivedyudied [1-6]. Only scarce information is
available in the literature, however, on the spectroscopy of compounds in LB films
undergoing excited state prottransfer [1, 7]. The fluoregnce spectra of such com-
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pounds are very sensitive to the presence of acid and base vapours, due to varying
proportions of the protonated (RQHand ionic (RO) forms of the fluorophore tak-

ing part in deprotonation of the excitedtst (ESDP) (Fig. 1). Therefore, one may
expect that these substances, incorporaté® films, may find application as chemi-

cal sensors [8] and signal processors ®}.the other hand, investigations of the re-
sponse of these substances to changes in atmosphere composition may throw a light
onto the structure and physatemical properties of LB films. We have shown [1]

that 2-naphtolo-6-sulfonamide of dodecylami(NSDA) included in a LB film can
undergo ESDP to the environment. The scopéhe present work is to explore the
influence of gases on the electronic specfra-naphthol derivatives in LB films.
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The results are explained in terms of desin the film structure under the influ-
ence of absorbed gases, penetrating th® layers and creating complexes with
NSDA. The influence of modifying of &hfilm composition by adding hydrophobic
peptides (gramicidin A) on the filpproperties has also been studied.

2. Materials and methods

The synthesis of 2-naphtholo-6-sulfondmiof dodecylamine (NSDA), its chemi-
cal structure, and absorption, fluoresoenand phosphorescence properties are de-
scribed elsewhere [1]. Gramicidin A froBacillus brevis was purchased from Fluka
and kept in £C.

LB films containing NSDA were depited onto quartz plates using a KSV-5000
trough (KSV, Finland) by means of a vediaipping procedurelB films of pure
NSDA, as well as binary systems of NSDWith stearic acid or octadecylamine
(0.05-0.2 mol fraction) were used. In some cases, gramicidin (G) was added to the
system. The surface tension, transfer rddarrier speed, and diving and lifting speed
were controlled during deposition. The average area per one molecule estimated for
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pure NSDA films was 0,323 rfmTransfer isotherms of NSDA and NSDA diluted
with stearic acid are shown in Figs. 2 and 3, respectively.
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Fig. 2. The transfer isotherm of NSDA
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Fig. 3. The transfer isotherm of NSDA {0molar fraction) diluted with stearic acid
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To improve the anchoring of NSDA, thelstrates (quartz plates) were covered
prior to its deposition with a monomoleculayda of stearic or tricosanoic acid, with
hydrophilic groups directed to the plate.eTlitemaining procedure of LB film deposition
depends on the type of layout required. The head tootail¢— ) layout was obtained
by upstroke movements of the substrate, initially placed under water. Before consecutive
dippings, the films were left to dry arde water surface was cleaned. Repeating this
procedure gave the layout required. In nuastes, the transfer ratio was close to 1.

3. Results and discussion

3.1. Theabsorption and fluorescence spectra of NSDA in LB films

Two characteristic bands can be discernetthénabsorption spectra of LB films of
NSDA at 210 nm (the absorbance of ayelafiim being 0.073) and 320 nm (absorb-
ance being 0.020). A low noise-to-signaiisaof about 5% and good reproducibility
of the spectra confirms fair stabilitf the structures investigated.

Table 1. Absorption characteristics of NSDA in arigasolvents and LB films (3 layers of NSDA)

Absorption maxim&[nm]
System
Band 1 () Band 2 () Band 3 ()
NSDA in hexane 288 317 332
NSDA in CHCk 286 320 337
NSDA in CH;OH 286 318 335
NSDA in LB film 300 320 337

3, andL,, are the electronically excited levels of aromatic molecules according ts Rtztition.

The wavelengths of absorption band maxima for NSDA in organic solvents and in
LB films are presented in Table 1. The absorbance at 320 nm was used to determine
the fluorescence quantum yield.

In the fluorescence spectra of NSDA in [iBns, two bands can usually be distin-
guished, centred at 370-393 nm (LM1) and 430-468 nm (LM2) [1]. The first one may
be attributed to the protonated (RQHbrm of NSDA and the other to its ionic (R
form. The positions of LM1 and LM2, asllimvs from the band separation procedure
[1], depend on the degree of aggregation of NSDA molecules in the LB film. The
fluorescence quantum yield, defined as a sum of the band heights at LM1 and LM2,
and the excited state lifetime) (of selected layers of NSDA in LB films and of the
analogous compound 2-naphtholo-6-sufonanmodieglycine (2-NSGly) in methanol
solution are given in Table 2. Both the flascence quantum yields and lifetimes for
all LB films are greatly reduced, and thlé positions of the absorption and emission
bands are red shifted with respect to those of solutions.
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Table 2. Fluorescence quantum yiglds), excited state lifetimes),
and ROH band positions (LMJ in a neutral atmosphere

Sample . LM1, LM2

Labef Film layout @, [m] (] 7[ns]
2-NSGly - 0.18 363 454 4.76
1) TN.a o—o—T:N 1.9x10°° 370 430 0.16
2) TNN.c O?,ON_KO 7.5¢10° 393 468
3) TNN.b O?,ON_KO 4.310° 384 456
4) TNN.y o——o0o0—T:N:N| 1.9x10° 400 485
5) NN.c o——oN:N 8.8x107° 373 433
6) NNN.1 [o—o——oN:N:N| 1.7%10* 380 440
Z):T(;\lfzé o—o—T:N+S 7.410° 391 447 0.268
BTSN oo TiNes 1.0<10°2 366 422
3):T(;\'§5'3(; o—o—T:N+S 3.3x102 369 423 0.319
10) TNSNS.5 0—0——0 5
= 0.120 TNASNAS 3.710° 389 468 0.438
11) TNSNS.Z 0— —00— s
X = 0.050 TNASNAS 1.1x10° 379 442 0.621

 is the molar fraction of NSDA in the mixture, N — NSDA, T — tricosanoic acid, S — stearic acid.
®The data for 2-nphtholo-6-sulfonamide of glycine are taken from Ref. [10]

A similar effect was observed for organthromophores incorporated into LB
films [6]. Exploiting this analogy, the obssed effects may be contributed to collec-
tive excitations (exciton effects) and egyetransfer from fluorescent (F) to nonfluo-
rescent (N) centres in the film [11, 12].clin be noticed (Table 2) that NSDA films
diluted with stearic acid (7—11) have ohuhigher fluorescence quantum vyields) (
than undiluted ones (1-6). Also, the film&whigher molar fractions of NSDA and
with chromophores closely located (3, 4) usually have lower valugstbén others.
Octadecylamine as a diluter acts mordess similarly to stearic acid. This may be
caused by hindering the aggregation oft¥Sin films via dilution with nonfluores-
cent compounds.

3.2. Theimpact of acetic acid and HCI vapours
on the fluor escence quantum yield, lifetime, and position of the ROH"
band maximum (LM 1) of undiluted NSDA in LB films

When non-diluted LB films of NSDA are expa$to an atmosphere saturated with

acetic acid, the dual fluorescence is converted into a one-band spectrum, centred at

about 360 nm (LM1) (Fig. 4). A dramatiiccrease in the fluorescence quantum yield
can also be observed. The valuesfoand LM1 for selected layers are presented in
Table 3.
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Fig. 4. Fluorescence spectra of the sample T:N:®-e (o0 o—)
in a neutral atmosphere (1) and under the influeneeetic acid (2) and ammonia (3)

The impact of HCI vapours is similar;ehdual fluorescence spectrum is replaced
by a one-band spectrum. The effect oa tluorescence quantum yield, however, is
much weaker. For instance, the fluoresmequantum yield of sample 4 in Table 3
after adding HCl is 4107,

Table 3. The fluorescence quantum yield 4nd positions of ROHband maxima
for samples 1-%6n acetic acid @aa, LM1an)

Sample LM1an o

LabeP Pan [nm] A%
1) TN.a 7.7x10°° 367 75.3
2) TNN.b 1.7x10°2 360 74.7
3) TNN.c 1.9x10° 375 60.5
4) TNN.y 1.5¢1072 368 87.3
5) NN.c 1.5¢1072 360 41.3
6) NNN.1 3.7x10™* 360 54.0

#The samples are labelled in the same way as in Table 2.
PAbbreviations are the same as in Table 2.
‘A% = 100@na— Dr)! Daa.

The increase in fluorescence quantueldiin the presence of acetic acid vapour
is accompanied by a blue shift of the RQdnd (LM1). Both these spectral changes
are accomplished within 10-15 min. These effects in acidic environment are opposite
in direction to the changes i® and LM1 ascribed to the aggregation process of
fluorophore molecules [1]. A possible interfaton is that acetic acid decreases ag-
gregation. This effect may be contributiedthe formation of complexes of organic
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acid and NSDA [10], which may substatitadecrease the interaction between
fluorophore molecules. The equilibrium comdtaf the formation of such complexes
cannot not be high, since the fluorescence gbsrare rapidly reverted (5 min) after
removing the acid from the environment.

3.3. Theimpact of ammonia on the fluor escence quantum yield, lifetime,
and position of the RO~ (LM 2) band maximum of undiluted NSDA in LB films

The enhancement of the fluorescence quantum yield of thefd® of NSDA in
ammonia (AM) vapour, estimated witbspect to a neutral atmosphe® {, — @’)
(Table 4) is lower than the analogous change in acetic dgid< @,).

Table 4. The fluorescence quantum yields and positions of thetR@d maxima
for samples 1-8n ammonia vapour®ay, LM2ay)

SLZ'g'gge Dan LM2a [nM] A%
1) TN.a 2.0x10°2 430 5.0
2) TNN.b 9.0x10°® 447 52.7
3) TNN.c 1.9¢10°3 450 3.8

2Sample numbers are the same as in Tables 2, 3.
See comments to Table 3.
CA% = 100@AM - ‘pn)/‘pAM-
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Fig. 5. Fluorescence spectra of the sample TNikd (—0 0—)
in a neutral atmosphere (1),ammonia (2), and after removing K3)
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The penetration of NHinto the film seems to be faster than that of acetic acid,
since the changes in the fluorescence spaate accomplished usually within 1 min
after the admission of ammonia, whiledoetic acid vapour gradual changes in the
fluorescence spectra can be observed for 20 min. Moreover, the changes induced by
ammonia are in most cases irreversiafeer equilibration in ambient atmosphere
(Fig. 5), while those in acetic acid are usually reversible under the same conditions.
Similarly, the absorption spectra of NSOA LB films show irreversible changes
under NH, though the variation is smaller than that of the fluorescence.

One can draw the conclusion that Nhteracts with NSDA in the film, but that its
penetration is limited to the outer sphefethe fluorophore aggregates, therefore its
impact on fluorescence is less marked thai o acetic acid and is achieved faster.

3.4. Theinfluence of acetic acid and ammonia vapour on the fluor escence
quantum yield, lifetime, and position of the ROH" band maximum of NSDA
in LB filmsdiluted with nonfluor escent compounds

The increase of the fluorescence quantundyiielacetic acid vapour is higher for
pure (undiluted) NSDA films (Table 3) thdhat for films diluted with stearic acid
(Table 5) or octadecylamine. Moreover, thikuted samples, in contrast to undiluted
ones, do not show a single emission from ROt always exhibit dual fluorescence
in acetic acid (Fig. 6).

Table 5. The fluorescence quantum yields and positions of thé R@HRO" band maxima for NSDA
diluted by nonfluorescent compoundsaitetic acid @aa, LM1,4) and ammonia vapoudyy, LM24y)

b
Samplé Dy L'E:']#A]A Dy Lmzm‘i'“ A%*
1) TNS.1 1.7107 387 - - 56.4
2) TNS.1w 2.5¢1072 360 2.1x10°2 443 60.0
3) TNS.3 1.8x10t 360 - - 81.6
4) TNSNS.5 8.7x103 381 - - 57.4
5) TNSNS.z 2.9x1072 369 — — 62.0

2Sample numbers correspond to No. 7-11 of Table 2, respectively.
®Abbreviations the same as in Table 2.
‘A% = 100@pn — Dy)| Da.

The increase o0’ in AM (@’av — @7)) is also higher for the undiluted samples
than that for the diluted ones. Such tessuggest that aliphatic acid or octade-
cylamine, used for dilution, are included iritee molecular aggregates of the fluoro-
phores in the film. In some cases, acetic acid or ammonia can replace long-chain ana-
logues in the aggregates. This would explain a less marked influence of the gases on
the spectra compared to the undiluted sasa@émilar to undiluted samples, the im-
pact of NH is also irreversible for the diluted ones.
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Fig. 6. Fluorescence spectrum of two samples of NSDA diluted with octadecylamine or stearic acid

in acetic acid vapour after 30 min: curve 1 — film layout S:N+8).098, curve 2 — film layout—o— —o
S:N+O:N+Ox = 0.098 (S — stearic acid, N — NSDA, O — octadecylaminemolar fraction of NSDA)

We have found the ratid,n/@,to be between 2 and 10, ade /@’ in most
casedetween 1 and 2 (Tables 2 and 4). At the same time, the ratios of the lifetimes of
the excited statesma/z and /7, are lower (eg. for sample 11 in Table 2,

7, = 0.621 ns andxa= 0.810 ns). The lack of proportionality between change® in
and z may be explained by various influenof the organic acid on NSDA molecules
in the fluorescent (F) and nonfluorescent (N) domains of the film.

3.5. Correlation between the position of the ROH™ band maximum (LM 1)
and fluor escence quantum yield and lifetime

As mentioned above, the reduction of fluorescence quantupield of NSDA in
LB films with respecto that of the analogous compound in methanol is caused by the
aggregation of chromophores and by theitexdc interaction otheir electronic tran-
sition moments. For the same reason, we observe a spectral shift toward the red.
Therefore, the decrease @ should correlate with the red shift of the band maxima
(LM1 and LM2). The dependence gfon LM1 for NSDA diluted with stearic acid is
shown in Fig. 7.

The data in Table 3 suggestttthe limiting value of the ROHband position,
which should be observed if acetic acid inesicomplete dissociation of aggregated
NSDA molecules, is close to 360 nm.
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This fact, together with the correlation @f with LM1 (Fig. 7), suggests that at
360 nm the fluorescence quantum vyield ie #bsence of ESDP and exciton effects
(@o0) should be close to 0.04. This value is much lower than that for the analogous
compounds in methanol (0.18) [6] which medhat, even if NSDA molecules in the
fluorescent centres (F) of a LB film do nioteract with each other, there must be
a certain number of NSDA molecules in tienfluorescent (N) cerds that contribute
to the strong reduction of the fluorescerguantum yield. A correlation of the mean
lifetime 7 of the excited state with LM1 by linear regressiorr (0.86) yields the lim-
iting value, o, Near 1 ns. Correlations @ and z with LM1 were obtained only for
the samples in which NSDA was diluted with stearic acid. For undiluted NSDA in LB
films, the correlation is worse.

40 —
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Dx10 y
30 —
m —
10 —

O T [ T ] T I T I

360 370 380 390 400
LM1 [nrr]

Fig. 7. The correlation of the ROWand maximum position (LM1) with the fluorescence
quantum yield for NSDA diluted with stearic acid. Correlation coefficien0.81

3.6. Theinfluence of water on the fluor escence spectra of NSDA in LB films

It has been found that for NSDA in orgasmvents and their mixtures with water
the rate and efficiency of ESDP dependsaaily on the content of water [10]. It may
be concluded by analogy to ESDP in saln$, that water molecules penetrating into
the layer probably play the role pfoton acceptors in LB films.

NSDA films diluted with aliphatic acid or octadecylamine and equilibrated in
a laboratory atmosphere (humidity ca. 55%9ws slight blue shift after injecting wa-
ter to bottom of the measuring cuvette eTdhanges are subtle, but well reproducible
for the diluted samples. In contrast tésttthe fluorescence spectra of undiluted sam-
ples are much more sensitive to water (Fig. 8).
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Fig. 8. Changes in the fluorescence spectrum of the sample T:N:N-&-{— —o)
under the influence of water aadetic acid: in acetic acid (1), in® 10 min (2),
in H,O 20 min (3), in a neutral atmosphere (4) (see also Fig. 5 of [1])

The spectrum obtained immediately afteyidg the sample in a vacuum desicca-
tor differs significantly from the spectrum tife same sample equilibrated at ambient
atmosphere (Fig. 5 of ref. [1]). Even theespum recorded in a laboratory atmosphere
(humidity 55%) is considerably changed by the addition of 0.0%tmater to the
bottom of measuring cuvette. The changes are markedly dependent on time (Fig. 8).
After increasing humidity, the fluorescencenlids blue-shifted within 10 minutes to
almost its position in the spectrum in acetiid. This effect may be caused by partial
dissociation of the aggregates of NSDAwater. After some time (a further 10 min),
the emission band is red-shifted, approagliis position in a neutral atmosphere, and
the intensity of the other band at about 450 nm, attributed to thefd®@, increases.
This last process may occur as an answéndgancreasing rate of ESDP by the forma-
tion of hydrogen bonds with water molecules.

3.7. Theinfluence of gramicidin A on the penetration of
gasesinto LB films containing NSDA

Gramicidin (G) is a peptalantibiotic that increasd¢le permeability of cell mem-
branes to protons, thus uncoupling the gndransforming mechanism of the cell.
G forms channels in cell membranes, wigdrophobic residues rdicted outside and
hydrophilic CO and NH groups oriented inside the channel and forming intramolecu-
lar hydrogen bonds [13].
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The effect of G on the permeation of acetad into the LB film is depicted in
Fig. 9. As stated above (section 3.4), tilatibn of NSDA by stearic acid (S) in LB
film inhibits the penetration of acetic acid into the specimen, which is concluded from
the fact that the acid does not influence #hape of the fluorescence spectrum as it
does in undiluted films.

The impact of acetic acid in the case of undiluted samples is contributed (section
3.2) to the formation of complexes with NSDIAgramicidin A is added to a layer of
NSDA, the change in the spectrum is aueristic of undiluted samples and consists
of band narrowing and a blue spectral shffer the admission of acetic acid (Fig. 9,
curve 4). It follows that G promotes thengtration of acetic acid into films diluted
with S. The addition of G to the nonfluorenstéayer of S gives no such effect (curve
3). Gramicidin also gives an increase te fflermeation of water and ammonia into the
film.

100 —

60 —

40 -

20 —

Fluorescence intensity (norm. to 10)

350 400 450 500 ‘Navelength[nm]

Fig. 9. The influence of gramicidin A on the penetration of acetic acid into LB films.
Fluorescence spectra of LB films containing NSDA (N) diluted with stearic acid (S)
and gramicidin (G): 1 — in a neutral atmosphere, film layott —o N+S+G: S+G,
2 —sample as in (1) in acetic acid vapour after 2 min, 3 — similar sample with the film ayeut-o
N+S : S+G in acetic acid vapour after 60 min, 4 — sample as in &tptic acid vapour after 20 min

4. Conclusions

The absorption of acetic acid, HCI, Nldnd water into a LB film strongly affects
the fluorescence of NSDA. The observed changes consist in an increase in the fluo-
rescence intensity and a blue shift of the band maximum, probably caused by the in-
tercalation of gas molecules into the layer of NSDA. A small quantity of water is
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probably present even in samples dried in a desiccator. Water molecules penetrating
the film would approach only the phenoligoups of NSDA, but not the aromatic
chromophore. Therefore, increasing the eohtof water does not greatly influence

the structure of NSDA aggregates in LiBrk. In consequence, the fluorescence quan-
tum yield remains practically unchanged.

Ammonia, on the other hand, promotesited state deprotonation (ESDP) and
enhances, to a limited degree, the quantum vyield. It may be therefore assumed that
NH; also does not interact directly withe fluorophore, but only with water mole-
cules, inducing the polarization of the aggegas a whole and an irreversible change
in the molecular arrangement of the film.

Acetic acid can form complexes with NSDA molecules in LB films, which probably
leads to the dissociation of aggregates Tdrmation of complexes between acetic acid
and 2-naphthol analogues has already beemlptesi for an environment with low polar-
ity (see [10] and references therein). The agisihsuch complexes can lead to an increase
of @ greater than that in ammonia, due ® dissociation of fluorophore aggregates in the
film. Moreover, the binding of acetic acid malgo cause the apparent inhibition of ESDP
by the rapid reprotonation of the excited phenolate.

The effects described here may be usetholecular switches [9] due to the de-
pendence of the response of samples on atmosphere composition. The possibility of
modifying this response by specific additdvis another advantageous property of
such systems.
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