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In the last few decades, a great interest
is observed in the development of dye-doped
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Spectral and photophysical properties of several phenalenone dyes were investigated in
dependence on the type of polyurethane polymer matrix. The increase in polarity of the
solid-state medium was shown to shift absorption and luminescence to the low energy side.
Structural effects of the substituents in the phenalenone chromophore on the Stokes shift
value were studied. Photophysical properties of phenalenones were found out to be signifi-
cantly dependent on polymerization method of the polymer matrices. Considerable growth
in photostability of the organic dyes was obtained under their covalent bonding with the
polymer chain.
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HccnemoBaHbl cieKTpadbHBIle U QoTOPUsUUECKEe CBOoiicTBA cepuM (PeHATEHOHOBBIX KPaCH-
Tejefl B B3aBUCUMOCTU OT THUIA TOJUMEpPHOH MToJUypeTaHoBoit Matpuiikl. Ilokasamo, dUTO
yBeJUUEHHMEe TOJAPHOCTY TBEPAOTENLHON CPelbl CMEIAeT TOTJIOINIEHNe U JIOMHUHECIIEHIINIO B
CTOPOHY HUBKUX dHepruii. VI3yueHO CTPYKTYpHOE BAMSHUE 3aMecTUTeJeil B xpomodope (e-
HaJleHoHAa Ha BeJuumHy CTOKcoBa caBUTa. BEIABIEHO CyIIleCTBEHHOE BJIUAHNE METORA TOJU-
Mepu3ani TMOoJNMepHOH MaTpuilskl Ha (GoTodusnuecKkre cpoiicTBa (peHameHoHoB. IlomyueHo
yBeJUueHMe (POTOCTAOMIBHOCTH OPTAHWYECKUX KpacuTeneil MPM WX KOBAJeHTHOM CBA3LIBA-
HUM ¢ TOJMMEPHON IeTbI0.

Cuekrpaasui Ta ¢orodisnuni Baacrtusocti denanenonosux OGapeHEUKiIB B axida-
TuuHin noxiyperanosiii marpuni. B.I.Bespodnuii, M.C.Cmpaminam, JI.D.Kocanuyr, A.M.He-
epiitko, I'.B.Kniwesuy, T.T.Todociiluyx

Hocaimxeno cmexTpadbHi Ta Gorodisuuni BmacTtuBocTi cepii denamenoHoBUX 6apB-
HUKIB B BajeyHocTi Big Tuny mnoaimepnoi mnosaiyperanoBol marpuni. Ilokasawno, 1o
361JIBIITEHHA TMOJAPHOCTI TBEPAOTINHHOTO CEepPeOBUINA 3CYBa€ TMOTJIMHAHHA 1 JOMiHecIeH-
11i10 B CTOPOHY HUBBKUX eHepriii. BuBueHo cTPYKTYpPHUH BIJWUB 3aMicHUKIB y xpomodopi
enanenony Ha BeanuuHy CTOKCOBOTO 3CYyBY. BUABNEHO CYTTEBUII BOJWUB METOAY TOJiMe-
pusarnii moximepnoi wmatpuni ma GoTodisnuni BracTuBocTi (emanenouir. OTpumano
36impmienHa oTocTabimbHoCTi opraHiunux 0apBHMKIB mpHM IX KOoBaJeHTHOMY 3B’ s3yBaHHI
3 TMOJiMepHUM JaHIJIOTOM.

1. Introduction to avoid a set of disadvantages assigned
with liquid solvents, such as convection,
evaporation, toxicity of the solvents, neces-

polymer solid-state lasers. Dye-doped solid- sity of pumping devices for liquids, and
state active laser medium makes it possible also it provides simplicity in operation. In
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all applications of the dye lasers, photo-
chemical stability of the dyes under irradia-
tion and their long-term preservation under
storage remain the main problems. Pho-
tobleaching mechanism can vary from one
class of dyes to another, and alsoc it is af-
fected by physico-chemical properties of the
solvents, the presence of reactive dopants
(oxygen, radicals of different types, etc.),
and polymerization methods of the polymer
matrices. Long-time and efficient genera-
tion properties of the laser elements based
on organic dyes depend also to a large ex-
tent on the initial spectral-luminescent
characteristics of the dyes [1, 2] and
physico-chemical features of the polymer
matrices [3-5].

The spectral-luminescent and physical
properties of the dyes (conversion efficiency
of absorbed energy into luminescence, large
Stokes shift, photoresistance, a broad lumi-
nescence band) predetermine substantially
their use as the dye laser active centers.
Aminoderived compounds of phenalenone
satisfy these requirements [6—-10]. The
laser-strong polymer matrices should pos-
sess high resistance to the exposure to pow-
erful broadband radiation of pulse lamps
and coherent pumping. Acrylate polymers,
namely, modified polymethyl methacrylate
[3, 5] and elastic polyurethane acrylate [1,
6, 12] have found wide applications as solid-
state matrices of the dye laser active media.

The paper [13] describes results on the
solvatochromic shift of squaraine dyes in
dependence on polarity of the polymer
media. Investigations of spectral and photo-
physical properties of phenalenone dyes de-
pending on the polarity properties of poly-
urethane polymer matrix are of interest;
this is an aim of the present study.

2. Experimental

The present work is devoted to investiga-
tion on how the polymer matrix based on
aliphatic polyurethane (APU) affects the
spectral and photophysical properties of
phenalenone dyes. These dyes luminesce in-
tensively in alcohol solutions, and generate
efficiently in a wavelength range over
600 nm under the pumping of neodymium
laser second harmonic radiation. The prop-
erties of four dyes (SYNTHON Chemicals
GmbH), which structural formula are shown in
Fig. 1, have been studied. All the compounds
are aminoderived from the 1-phenalenone (per-
inaphthenone) molecule [10].

Without details of the dye synthesis, one
should note, that to obtain a bathochromic
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Fig. 1. Structural formulae of phenalenone
dyes.

shift towards the region of coherent pump-
ing at 532 nm and to broaden the spectral
region, the initial molecule 1-phenalenone
(its absorption maximum in 1,4-dioxane is at
360 nm [10]) should be doped with different
substituents. The Ph160 dye (6-amino-1-
phenalenone) was produced by inserting of
—NH, amino-group in the position 6. Ph439
(2-chloro-6-(3-methylamino)-1-phenalenone)
compound was synthesized by incorporation
of chlorine to 1-phenalenone molecule in the
position 2 and 3-methylamino group in the
6 one. Similar method was used for Ph510
(2-chloro-6-(3-hydroxypropylamino)-1-phen
alenone) and Ph490 (3-fluorinemethyl-6-
phenylamino-1-phenalenone) dyes.

We have investigated the listed dyes in
the polymer matrix based on APU [14-16],
compared to the well-studied polyurethane
acrylate (PUA) matrix [6, 11, 12]. These
polyurethane matrices are similar on their
chemical contents, but differ by the produc-
tion method, which is polycondensation for
the APU and radical polymerization for the
PUA. Their dielectric constants are signifi-
cantly different, while their refractive
index values are practically the same.

The aliphatic polyurethane matrix was
synthesized from the prepolymer, initially
obtained on the base of hexamethylene di-
isocyanate (HMDI), O=C=N(CH,)gN=C=0,
oligo-diethylene glycol adipate, OH-[-
(CH,CHo),~0-CO- (CH,),~CO-0- (CH,CH,O),H,
of 800 molecular mass, and trimethylol-
propane, HsC,—(CH,OH);. The method of
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APU production has been described in detail
earlier [14-17].

The dye-doped polymer matrices were ob-
tained by inserting of the corresponding dye
dissolved in methylene chloride into the re-
active mixture on the stage of polyurethane
formation. The reaction mixture was vacuu-
mized to remove air bubbles and solvent.
The hardening was carried out at 60°C dur-
ing 8 h.

To compare the spectral (absorption, lu-
minescence) and physical (photostability)
properties of the dye-doped APU polymer
samples, PUA hardened by the radical
photopolymerization method of oligoure-
thane acrylate was used; oligourethane
acrylate was obtained from oligooxy
(propylene glycol) and toluene diisocy-
anate. The radical polymerization reaction
of PUA was fulfilled at a presence of
photoinitiator, benzoin isobutyl ether,
production method for the samples based on
PUA is described in [6, 11, 12].

The triplexes with quartz glass as sub-
strates were constructed for investigations
of photostability and the spectral lumines-
cent properties. Thickness of the dye-acti-
vated APU and PUA polymer films in these
experiments was equal to 300-400 um. The
dyes were inserted into the polymer matri-
ces at concentration ~4.107% mol/1. Optical
density, D,, was a value of about unity in
the maximum of basic transition (D, =
1.00+0.05).

Absorption spectra of the polymer sam-
ples, containing dyes, were recorded on a
spectrophotometer VSU-2P, and fluores-
cence data were collected with a use of a
spectrofluorimeter Hitachi MPF-4.

Photochemical experiments were carried
out using the integral radiation of ultravio-
let and visible regions from an arc mercury
ultrahigh pressure lamp DRK-120. Photo-
stability measurements were done by the
mentioned lamp irradiation under the light
intensity in the sample zone I=85 mW /cm?2.
Ultraviolet and visible radiation of the lamp
was mainly applied for the photostability
investigations in Sy — S;, S transitions.
Excitation of the dyes in APU in the
Sg — Sy transition is possible due to the
high transparency of this polymer in ultra-
violet region [9], which UV absorption edge
is located at 250 nm, and due to a use of
quartz glass for the substrates. Changes in
optical density, D, of the samples in de-
pendence on a dose of incident light, E,
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were controlled in the maximum of the dye
main absorption band by a spectrophotome-
ter VSU-2P.

Effects of the APU and PUA polymer
matrices on the dye photostability were also
studied under the irradiation only in the
basic electron transition Sy — §;, when con-
tinuous generation of the neodymium laser
second harmonic radiation (632 nm) with
diode pumping (MGL532, Changchum New
Industries Optoelectronics Tech. Co.) was
applied. Irradiation intensity in the sample
zone was I = 4.24 W/cm2. Measurements of
the transmission coefficient (and corre-
spondingly, optical density) were carried
out with a use of the electron-optical
scheme containing photodetectors (photo-
diodes FD-24K) and voltmeters V7-16A,
which provide the high accuracy of the
measurements up to 0.5 %.

3. Results and discussion

The substituents inserted to the initial
molecule 1-phenalenone provide efficient ab-
sorption in the spectral region, suitable for
the neodymium laser second harmonic
pumping. Fig. 2 presents normalized de-
pendences of the optical density, D, and lu-
minescence intensity, I, of phenalenones in
the two polymer matrices. All absorption
and luminescence bands of the dyes (except
Ph160) possess bathochromic shift when
changing from PUA to APU, which is
caused by positive solvatochromism and as-
sociated with increase of the polymer ma-
trix polarity.

According to the quantum-mechanical
perturbation theory for the absorption (v,)
and fluorescence (vy), the Stokes shift of their
spectral positions in the liquid media of dif-
ferent dielectric constant, €, and refractive
index, n, is proportional as follows [18]:

Vg = Vg~ f(e,n) + const, 1)
where the medium polarity, f(e, n), is deter-

mined by the formula:

2n2+1/e-1 n2-1 (2)
n2+2te+2 nZ+2|

f(e,n) =

Considering formula (2), the polymer ma-
trix polarity is equal to fpya(e, n) = 0.284
(at e =4.1 and n = 1.4871) for PUA, and
correspondingly, it is fopy (€, n) = 0.558 (at
€ =8.8 and n =1.4898) for the APU. The
dependence of the spectral shifts, Av=v, —
Vg shows good correlation with the polarity
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Fig. 2. Absorption (I, 3) and luminescence (2, 4) spectra of phenalenone dyes: a) — Ph160, b) —
Ph439, ¢) — Ph490, d) — Ph510 in PUA (I, 2) and APU (3, 4).

function, in our case for the polymer media.
Values of the Stokes shift determined for
each dye are listed in Table 1 for the differ-
ent polymer matrices.

The APU initial isocyanate component
contains functional groups —N=C=0, which
interact chemically and form covalent bonds
with the —NH, (Ph160 dye) and —-OH (the
Ph510) substituents. The chemical reaction
of isocyanate with the Ph160 dye occurs by
the scheme: ...-N=C=0 + NH,—... — ...-NH-
CO-NH-..., generating carbamide as a re-
sult. Experiments by infrared spectroscopy
methods have proved the presence of the
mentioned covalent bond [16, 19]. The —NH,
substituent in Ph160 dye molecule is a part
of the conjugated chain, responsible for ab-
sorption and luminescence. Under the
chemical bonding, a hydrogen atom of the
dye chromophore substituent is transferred
to nitrogen atom of isocyanate, and rigid
fixation of the dye molecule with the poly-
mer chain occurs. Acidification of the
amino-group leads to the blue shift in elec-
tronic spectra due to decrease of the nitro-
gen atom electron-donorship as a result of
conjugation between its unshared electron
pair and adjacent carbonyl group. This
causes changes in the electronic distribution
and static dipole moment of the dye mole-
cules, which can be a reason for a large
hypsochromic shift for Ph160 in APU,
compared with the one in PUA (Fig. 2a).
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Table 1. Stokes shift values for the dyes in
the polymer matrices

Dye Stokes shift in Stokes shift in
PUA, Av, em ! | APU, Av, em!
Ph160 1752 3440
Ph439 1543 1709
Ph490 1204 1346
Ph510 1540 1672

The Ph510 dye forms also a covalent
bond with the polymer chain due to pres-
ence of hydroxypropylamine hydroxyl group
(Fig. 1). The bonding between hydrogen and
nitrogen atoms results in formation of ure-
thane group:

..=N=C=0 + HO-... - ..-NH-CO-O-....

This chemical reaction was also investi-
gated in the present work by means of in-
frared spectroscopy. To prove this interac-
tion, a model reaction between the Ph510
dye molecules and APU was carried out on
a stage of the polymer formation. The dye
and HMDI (molecule ratio 1:1) were mixed
in dichloroethane and stirred at 60°C during
10 h. Fourier transform infrared spectros-
copy method was used for the recording of
IR-spectra. The spectral data (Fig. 3) were
obtained on a spectrometer Bruker IFS-88
in the region of 400-4000 cm~l. For the
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Fig. 3. Infrared spectra of a) Ph510 dye, b)
HMDI, ¢) Ph510 dye with HMDI.

measurements, the Ph510 dye and model re-
action product samples were prepared by
pressing the substances into the pellets with
KBr. The HMDI was thinly layered between
KBr substrates. The HMDI intensive band
V(NCO) at 2275 em™! (Fig. 3b) decreases
two times in the mixture of HMDI and
Ph510 (Fig. 3c) as a result of interaction,
which is seen from its comparison with the
intensity of CH stretching vibration bands
near 2900 em~1 (Fig. 3¢, d). The absorption
band of the Ph510 dye hydroxyl group
v(OH) at 38335 cm™! (Fig. 3a) disappears
after formation of the covalent bonding
(Fig. 3c). Additionally, an indirect evidence
of the chemical interactions of Ph510 and
Ph160 with polyurethane chain is the re-
sults of extraction experiments for the dye-
doped APU samples by ethanol. The films
remain coloured even after the hours-long
extraction process. And the electronic spec-
trum of ethanol after extraction does not
contain any absorption bands of the dyes.
The analysis of the dye Stokes shifts, Av =
Vg — Vp shows that these values are system-
atically bigger in APU, than in PUA (Table
1), since polarity of the first matrix is
twice as much high, than the second one.
The lesser value of Av =v, — v, for Ph490
dye in APU can be explained by the pres-
ence of 6-phenylamino voluminous substi-
tuent, which hinders sterically strong solva-
tochromism of the polymer surrounding on
the electron shell of the conjugated chain.
Photophysical properties of the dyes in
PUA and APU were studied using two light
sources, namely, a mercury lamp DRK-120
and a laser with continuous generation at
532 nm. Fig. 4 (a, b) shows dependences of
the optical density on irradiation dose by
the mercury lamp, D(E). There is multiple
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Fig. 4. Kinetic curves of phenalenone dye
photobleaching under irradiation by a mer-
cury lamp: a) in PUA, b) in APU (I —
Ph160, 2 — Ph439, 3 — Ph490, 4 — Ph510).

increase (two orders in magnitude) observed
in photostability of the phenalenone dyes in
APU (Fig. 4b), compared to the samples
based on PUA (Fig. 4a). Presented results
demonstrate significant growth of the dye
photostability, when changing from PUA to
APU under the irradiation in S5 — S;, S,
transitions.

The results of the experiments in the
case of irradiation by the second harmonic
continuous generation (532 nm) of the neo-
dymium laser only in the electron basic
transition (Sy — S;) are presented in Fig. 5
(a, b, ¢, d), where curves (I) concern the
PUA matrix, and (2) the ones are for APU,
correspondingly. Numerical data for the ir-
radiation dose causing a twofold drop in the
initial optical density of the samples under
irradiation by the mercury lamp and the
laser are listed in Table 2.

The studies on comparison between the
two matrices, PUA and APU, indicate a
crucial factor in the dye photostability to be
a presence in the first medium (or an ab-
sence in the second one) of radicals in the
polymer. Free radicals formed from the un-
reacted molecules of polymerization initia-
tor or those ones, appeared in the process of
PUA production, favor further activation of
the radical reactions under the interaction
with light inducing destruction of dye mole-
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Table 2. Photostability of the dyes in PUA and APU matrices

Dye The DRK-120 lamp irradiation dose, The continuous laser (A = 532 nm)
caused D, twofold decrease, kJ/CmZ irradiation dose, caused D, twofold
decrease, kJ/cm2
Dye in PUA Dye in APU Dye in PUA Dye in APU
Ph160 0.036 2.980 0.285 1.250
Ph439 0.055 5.570 0.550 1.480
Ph490 0.020 0.585 0.160 0.625
Ph510 0.060 9.090 0.530 2.835
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Fig. 5. Kinetic curves of phenalenone dye photobleaching under irradiation by a laser at 5632 nm:
a) — Ph160, b) — Ph439, ¢) — Ph490, d) — Ph510 in I — PUA and 2 — APU polymer matrices.

cules. Advantages of APU are caused not
only by its production method, but also by
its high polarity. This statement was con-
firmed when the photostability of the dyes in
PUA and APU was analyzed under irradiation
by the mercury lamp (Fig. 4a,b), as well as by
generation at 532 nm (Fig. 5a, b, ¢ ,d).

Comparing photostability of
phenalenones in APU, one can see that
Ph490 dye possesses much stronger destruc-
tion, than other dyes under investigation.
Despite stronger electron acceptor proper-
ties of —CF3 substituent and presence of
APU nucleophilic groups, this dye shows
the moderate solvation, compared to the
higher one for Ph439 and Ph510, which is
proved by the difference in their Stokes
shifts. The Ph510 is characterized by the
highest photostability, caused by the solvate
surrounding and covalent bonding with the
polymer chain.
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Despite the chemical interactions be-
tween Ph160 and APU, this dye is worse on
photostability even than the "non-linked”
Ph439. Under irradiation, 6-amino-1-
phenalenone, containing an amino-group,
forms the long-lived ketyl radical [20],
which can interact with other radicals, in
particular, the photodecay products of the
polymer matrix under UV irradiation.

The absorption spectra of the studied
Ph160 and Ph490 dyes contain quite intense
absorption in the region of 300-400 nm
(Fig. 2a, ¢). This allows to conclude that the
crucial role in photochemical destruction is
played by electron transitions into the
higher excited states under UV irradiation.
These higher excited states of the dyes can
be deactivated nonradiatively in the process
of vibrational relaxation and internal con-
version through the highly excited vibra-
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tional states of the polymers with formation
of the free radicals.

Ph160 dye possesses strong absorption
in the spectral regions of 400-500 and
300-360 nm (Fig. 2a), which coincides
with intense generation bands of the mer-
cury lamp at 812, 404 and 436 nm [21].
Thus, a conclusion can be made, that pho-
tochemical destruction of the Ph160 is
mainly ruled by electron transitions in the
singlet states S; — S5, S3 under UV irra-
diation. So the covalently bonded Ph160 is
characterized by lower photostability than
the Ph510. Ph439 and Ph510 dyes in APU
show small absorption in the spectral region
of 300-400 nm (Fig. 2b, d), which is practi-
cally not affected by the short-wave part of
the mercury lamp generation. Degradation
of the Ph490 in APU (Fig. 4a, curve 1) can
be also explained partly by the presence of
intense absorption in the spectral region at
~300 nm (Fig. 2c¢).

The high polarity of APU (fapy(e,n) =
0.558), as compared with the other poly-
mers, causes the efficient solvation of the
dye molecules, which affects the photo-
stability in a positive way. One should note,
that this value for polymethyl methacrylate,
widely used in the dye-doped laser media is
fpvma = 0.1107, resulting in the small
Stokes shift [1, 8-5, 8]. In the case of the
Ph490 molecules, auxochrome-6-pheny-
lamino group (Fig. 1) makes steric hin-
drances for solvation of the conjugated
chain increasing the photodegradation under
irradiation. The strong solvation of Ph439 and
Ph510 dyes which is proved by the large Stokes
shift (Table 1) results in their high photo-
stability in APU. Positive influence of the large
Av = v, —v, value in the dye-doped active ele-
ments is also mentioned by other authors [22].

4. Conclusion

To conclude, APU polymer matrix of
high polarity increases the Stokes shift in
the phenalenone dyes and causes the higher
photostability in comparison with radical-
containing PUA due to absence of free radi-
cals and the efficient solvatochromism. The
APU has a potential ability to bond cova-
lently with -NH, and -OH substituent
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groups in the dyes. The effects of the large
Stokes shift and covalent bonding on gen-
eration characteristics of the active media
in the dye lasers on phenalenones in APU
will be a matter of our further investiga-
tions.
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