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Low temperature fluorescence of porphycene, a structural isomer of porphyrin, has been studied using poly-
mer samples, matrix isolation, and fluorescence line narrowing (FLN) techniques. Contrary to the case of the
chromophore embedded in a nitrogen matrix, the emission from polymer samples at temperatures above 10 K
exhibits strong dependence on the wavelength of excitation: increasing the excitation energy leads to gradual
broadening and, finally, loss of vibrational structure. A rather unusual observation is the similarity of the struc-
tured fluorescence spectra obtained for excitations into Sy and S, states. This finding indicates a correlation be-
tween the site distributions in S} and S,. A similar idea has been put forward earlier for tetraphenylporphyrin
(I. Lee, G.J. Small, and J.M. Hayes, J. Phys. Chem. 94, 3376 (1990)). We propose that the correlation is due to
isotropic polarizability in the molecular plane; calculations confirm such hypothesis. For porphycene, an addi-
tional factor that can contribute to the effect is a rapid trans-trans tautomerization that leads to the rotation of x
and y axes in-plane of the molecule. FLN spectra reveal significant band broadening for excitation into S,. This
suggests that the site correlation is not of 1:1 type or that at 4.2 K the site exchange dynamics is frozen in com-

parison with the situation at higher temperatures.
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Introduction

Cryogenic techniques coupled with laser excitation
provide a range of site selective methods, powerful tools
for registration of electronic spectra with high spectral res-
olution, which enables obtaining, e.g., detailed information
about the vibrational structure in the ground and excited
states [1—12]. This is especially useful when the electronic
absorption of the investigated system is unstructured due to
inhomogeneous broadening, as is normally the case for
molecules embedded in polymer films or glassy matrices.
Spectrally narrow excitation allows obtaining highly re-
solved emission via selecting specific part of the popula-
tion. This technique, however, usually works only for exci-
tation into Sp, the lowest excited, emitting singlet state
[10]. The correlation between narrow line excitation and
structured emission is lost for S,<—Sy excitation with n > 1,
indicating lack of correlation between excited and emitting
populations.

However, exceptions to this rule exist. Photochemical
hole burning experiments for tetraphenylporphyrin in a

polystyrene matrix indicated that the site energy distribution
functions are correlated for the two lowest electronic states,
Ox(S1) and Qy(S2) [13]. This result was remarkable, especially
in view of orthogonal polarizations of Oy and Q), transitions.

In this work, we present another example of a molecule
in which such correlation is preserved for excitation into
the excited state other than the emitting one. The
chromophore is porphycene, a constitutional isomer of
porphyrin (Fig. 1). Contrary to porphyrins, for which a
variety of line-narrowing experiments have been per-
formed [13-20], the corresponding data for porphycenes in
condensed phase are scarce. Fluorescence spectrum of par-
ent porphycene in a glassy tetrahydrofuran-toluene matrix
at 4.2 K has been published, along with absorption and
emission (of much lower spectral resolution) recorded for
nitrogen and rare gas matrices [21]. Emission and fluores-
cence has also been obtained for porphycene embedded in
superfluid helium droplets [22]. This rather limited pieces
of data contrast with significant work carried out for
porphycenes isolated in supersonic jets [23].
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Fig. 1. Porphyrin (a); porphycene (b). The arrows show the tran-
sition moment directions for the Q and Soret (B) bands.

The characteristic spectral pattern for the two isomers is
the presence of two electronic transitions in the low energy
region (500-650 nm), usually referred to as Q bands, fol-
lowed by stronger transitions — the so-called Soret bands —
located at around 420 nm in porphyrins and at ca. 360 nm
in porphycenes. A high — Dy; — symmetry of free base
porphyrin imposes that these transitions can be polarized
only along two orthogonal symmetry axes. This is not the
case for porphycene, which has Cpj, symmetry. Still, it has
been demonstrated [24] that the polarizations of Oy and Q,
transitions are nearly orthogonal and strongly resemble the
pattern observed for porphyrin (Fig. 1). Another similarity
is the possibility of intramolecular double hydrogen trans-
fer between two chemically identical trans tautomers. This
reaction, however, occurs according to very different mech-
anisms because of very strong intramolecular hydrogen
bonds in porphycene and weak ones in porphyrin [23,25].

Our paper is divided into two parts. First, we report the
low temperature fluorescence spectra obtained for porphy-
cene in polymer films, obtained for “normal”, xenon lamp
excitation with moderate spectral resolution. In the second
part, we discuss the emission and excitation spectra ob-
tained in the regime of fluorescence line narrowing.

Experimental

Samples of porphycene in poly(methyl methacrylate)
(PMMA) and poly(vinyl butyral) (PVB) have been ob-
tained by co-solving the chromophore and polymer in tolu-
ene and tetrahydrofuran, respectively. Then, the solvent
was allowed to slowly evaporate, leaving a good optical
quality film of about 150 um thickness.

Absorption spectra have been recorded using Shimadzu
UV3100 spectrometer. Fluorescence was measured using
Edinburgh Analytical Instruments FS900CDT spectro-
fluorometer. The excitation slits were 0.15-0.20 mm, cor-
responding to about 7-10 em

Nitrogen matrices were prepared using Displex 202
closed-cycle helium cryostat. The sample was sublimed
into the carrier gas by heating to about 420 K. Mixture of
porphycene and nitrogen (Aldrich, 4.5) was deposited on a
cold sapphire window of the cryostat at 30 K. The same
cryostat has been used for low-temperature experiments
with polymer films.
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For fluorescence line narrowing (FLN) experiments,
porphycene was embedded in 2-methyltetrahydrofuran as a
host glassy matrix. The measurements were performed on
samples immersed into liquid helium (4.2 K) in an optical
cryostat.

Highly resolved fluorescence spectra were detected by
the FLN method upon site selective laser excitation of
porphycene in solid solutions at 4.2 K. The FLN technique
is based on selective laser excitation within the absorption
band of the 0-0 electronic transition of organic com-
pounds, embedded in isotropic solid matrices at liquid he-
lium temperature. Under such conditions, the inhomogene-
ous spectral broadening is removed and the fluorescence
spectra transform from wide broad bands into a set of nar-
row zero-phonon lines (ZPL) [26]. The difference in fre-
quency between the excitation laser and the ZPL line is
equal to the frequency of the corresponding vibration in the
ground state. For molecules with relatively high symmetry,
the same set of modes is manifested in the FLN spectra as
in the resonance Raman spectra.

The FLN spectra were recorded using a highly sensi-
tive home-built experimental setup, based on a double
monochromator of DFS-24 spectrometer [27]. A pulsed dye
laser (DL-compact A, product of AS ESTLA, wavelength
range of 400-800 nm, pulse width of ~ 5 ns, line width of
less than 0.02 nm) was used for fluorescence excitation. The
position of the excitation line has been measured by high-
resolution wide-range wavelength meter (SHR, product of
SOLAR LASER SYSTEM, spectral range of 190—1100 nm,
absolute accuracy = 3 pm). The dye laser was pumped by
the third harmonic of a Nd-YAG laser (LQ629, product of
SOLAR LASER SYSTEM, 355 nm wavelength, pulse
width of ~ 10 ns, energy per pulse of about 50 mJ, repeti-
tion rate 100 Hz). The luminescence signals were detected
with a photomultiplier tube (Hamamatsu, R-928) and a
double channel SR200 Series Boxcar Averager System
(Stanford Research Systems) coupled to a PC.

The molecular polarizabilities were calculated for
ground state geometries optimized using density functional
theory (DFT) model with the B3LYP functional and cc-
pVTZ basis set. Gaussian 09 (Rev. E.05) software [28] was
used.

Results and discussion

3.1. Low resolution spectra in polymers and nitrogen
matrices

We started the experiments by recording the emission
using the xenon lamp and the monochromator, which yield-
ed the excitation bandwidth of the order of about 10 cm_l.
Figure 2 shows absorption and fluorescence spectra of por-
phycene embedded in PMMA at 10 K. The spectra record-
ed for PVB samples at 20 K are presented in Fig. 3. The
absorption resembles that of room temperature solution.
Fluorescence, however, reveals a structure for low energy
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Fig. 2. Absorption and fluorescence spectra of porphycene in
PMMA film at 10 K. For fluorescence, the wavelengths of excita-
tion are indicated.

excitation, quite similar to that of the emission obtained
from a nitrogen matrix (Fig. 4). The main difference be-
tween the two matrices is that for the chromophore embedded
in solid nitrogen the emission is practically unchanged for
various excitation wavelengths, while in the case of PMMA
and PVB samples fluorescence becomes structureless for
higher energy excitation. While exciting in the low energy
range, the origin of the fluorescence of porphycene in po-
lymers follows the excitation wavelength, which indicates
that even using a low-resolution bandwidth it is possible to
selectively excite subpopulations in the inhomogeneously
broadened molecular ensemble.

The difference between excitations to Q7 and Soret
bands could have been expected, but the pattern observed
for excitation at 595 and 589 nm, i.e., close to the origin of
(0> [21] (Table 1) is rather unusual: fluorescence looks
very much the same as for S1<-Sp excitation (slight differ-
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Fig. 3. Room temperature absorption spectrum and low-tempera-
ture (20 K) fluorescence spectra of porphycene in PVB film. For
fluorescence, the wavelengths of excitation are indicated.

ences in the relative intensities of two highest energy peaks
are due to reabsorption). The main vibronic features may
still be distinguished for shorter excitation wavelengths,
558 and 546 nm, which certainly correspond to contribu-
tions from Q5.

These results indicate that the site specificity is not lost
upon (> excitation and that a correlation exists between the
site distributions in S and Sy. In this respect, porphycene re-
sembles tetraphenylporphyrin as an “unusual” chromophore.
For the latter, it has been argued that the origin of S1—S> corre-
lation can be explained by isotropic interactions with the envi-
ronment in the molecular plane [13]. Apparently, porphycene
behaves in a similar way. We recall that both molecules
exhibit similar solvent shifts in the Q1 absorption measured
in solutions at room temperature (blue shift with increasing
solvent polarity). Since the dipole moment is zero in both
cases, similar shifts indicate similar polarizabilities.
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Fig. 4. Absorption and fluorescence spectra of porphycene in the
nitrogen matrix at 30 K. For fluorescence, the wavelengths of

excitation are indicated. Slits of 0.3 mm (~ 15 crn_l) were used
for recording the fluorescence spectrum excited at 360 nm.

We have calculated the polarizabilities of porphyrin and
porphycene using the density functional theory. For
porphyrin, the following values were obtained for the prin-
cipal components of the polarizability tensor (in atomic
units): oy = 465.2, oy = 455.7, oz = 110.1, where the x
axis coincides with the NH---HN direction and y is the other
in-plane axis. The corresponding values for porphycene

Table 1. The origins of transitions to S; and S; in different en-
vironments, determined form the absorption spectra

T,K 5150 S52¢-So
nm cm’ nm cm’
PMMA 10 627.5 15936 596 16779
PVB 20 631 15848 | 599.5 16681
Nitrogen 30 624.5 16013 592 16892
2-methyltetra- | 4.2 630.6 15858 | 598.7 16703
hydrofuran
770

are: oy = 486.6, ayy, = 448.0, o,z = 109.2. These results
confirm that the in-plane polarizability is close to being
isotropic in both molecules, with porphycene exhibiting
slightly less isotropic behavior.

Another effect that can effectively symmetrize the
polarizability tensor in the molecular plane of porphycene
is the trans-trans tautomerization, a process that rotates the
x and y in-plane axes. Kinetic pump-probe experiments
demonstrated that this reaction can occur, via tunneling, in
glasses even at low temperatures, in a subnanosecond time
scale [29]. On the other hand, single molecule studies indi-
cate that in a polymer matrix the reaction rate can be
slowed down by orders of magnitude, so that the time scale
of the process is controlled by polymer motions [30-32].

Gradual loss of vibronic structure upon higher energy
excitation (cf. the spectra recorded for excitation at 558
and 546 nm, Fig. 1) is, most probably, a consequence of
population transfer between various sites, activated by vi-
brational excitation.

The spectra described above have been obtained in the re-
gime far from high spectral resolution. Therefore, in the next
step, we applied the fluorescence line narrowing technique in
order to check the hypothesis of S1—S; site correlation.

3.2. Fluorescence line narrowing in glassy samples.
Dependence of fluorescence spectra on the excitation
wavelength

The methods of low-temperature site-selection spec-
troscopy such as fluorescence line narrowing and spectral
hole burning (SHB) [33] open additional possibilities for
the study of structural properties and photophysical pro-
cesses of organic compounds.

The optical absorption and fluorescence spectra of free
base porphycene in solid solution (2-methyltetrahydro-
furan) at 4.2 K upon non-selective excitation in the spectral
region near 355 nm are characterized by the so-called in-
homogeneous broadening in the spectrum (see Fig. 5). The
spectrum consists of wide bands with the spectral bandwidth
of ~150 cm_l, caused by the interaction of the chromophore
with the matrix.

Inhomogeneous broadening in the fluorescence spectra
is removed upon narrow band laser excitation in the range
of the S1<-Sp absorption spectrum at liquid helium tempe-
rature. As a result, the fluorescence spectrum is transformed
from wide bands into the set of narrow zero-phonon lines
(ZPL). Well-resolved fluorescence spectrum of porphycene
upon excitation into the S1<-Sp absorption band consists of
ZPL with half-width lines of about 10 cm_l, as presented
in Fig. 5.

When shifting the excitation to the region of vibronic
sublevels of the Sj-state (for example, Aexc = 605.07 nm), a
so-called multiplet is observed within the region of pure
S1—>Sp electronic band of the fluorescence spectrum
(Fig. 6). The differences between the positions of multiplet
components and the position of the line of excitation in the
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Fig. 5. Fluorescence spectra of porphycene in 2-methyltetra-
hydrofuran at 4.2 K upon non-selective broad-band excitation at
355 nm (a) and laser selective excitation at 634.9 nm (b).

energy scale determine the frequencies of vibrational modes
in the Sp-state [34,35]. The half-width of lines in the
multiplet is about 10-15 cm . Manifestation of multiplet
lines corresponds to the case when various sublevels of dif-
ferent sites are excited and emitting simultaneously [35].

Wavelength, nm
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Fig. 6. Fluorescence spectra of porphycene in 2-methyltetra-
hydrofuran at 4.2 K in the spectral region of the origin of Sp—S) elec-
tronic transition with laser selective excitation; Aeye = 605.07 nm (a),
597.07 nm (b), and 586.9 nm (c). The numbers correspond to the
difference between the excitation energy and the position of a
fluorescence band.
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The spectra shown in Fig. 6 may contain contributions
from both Sy and Sj states. For instance, the energy differ-
ences between the peaks labelled 815, 975 and 999 cm | and
the feature at 630 cm ' (Fig. 6(a)) are 185, 345, and 369 cm ',
respectively. These values correspond to 244, 34, and 44,
modes of porphycene, of which the frequencies are very
similar in both ground and the lowest excited singlet states
[36]. Interestingly, the low energy part also exhibits a broad
background, an indication of vibrational broadening upon
excitation to S».

Upon shorter wavelength laser excitation (Aexc =
= 597.07 nm), the FLN structure disappears (Fig. 6) and the
fluorescence spectrum consists of broad bands. In this case
the fluorescence spectrum is analogous to that measured upon
broadband excitation in the region at 405 nm. Further shift of
the laser excitation line to higher energy (Aexc = 586.9 nm)
leads again to the FLN effect.

The effect of FLN disappearance upon excitation at
597 nm may be interpreted as manifestation of the disap-
pearance of selectivity upon excitation in the spectral region
of the Sp«—Sy electronic transition. This interpretation is based
on the results of studies [35,37] which demonstrated that the
interaction of molecules with the matrix at 4.2 K manifests
itself in the difference of the energy gap AE (S1-S>) for each
site. As a result, after nonradiative S>—S7 internal conver-
sion, the site-selectivity of excitation is lost and it is no
longer observed in the emission from the Sp: the spectra
become substantially inhomogeneously broadened.

The effect of band broadening, corresponding to the exci-
tation to the second lowest electronic state, is also manifest-
ed in the fluorescence excitation spectrum of porphycene.
Figure 7 shows that, upon selectively monitoring the fluores-
cence signal in the spectral region of S1—Sp (Ag = 630.5 nm),
the fluorescence excitation spectrum is the superposition of
the FLN spectrum with the origin at 630.5 nm (15860 cm_l)
and an essentially broader spectrum with the origin about
597 nm (16750 cm_l) and with a set of broad bands which
correspond to vibronic levels. The spectral position of the
origin of the broad spectrum coincides well with the spectral
position of the S><—Sy electronic transition, whose position
can thus be determined based on FLN data. The obtained
difference between the Q1 and O, band origins amounts to
890 cm_l, in excellent agreement with the previously report-
ed value of 882 cm_l, based on the spectra obtained for
porphycene isolated in a nitrogen matrix [21].

An interesting difference between porphyrin and
porphycene was observed in the line narrowing features: no
spectral holes could be burned for the latter, contrary to the
case of porphyrin, for which such effect is well established.
We interpret the inability to permanently deplete some sites as
manifestation of tautomerization proceeding even at helium
temperatures. Numerous works demonstrated the occurrence
of this reaction for porphycene at low temperatures [23].

771



Michal Gil, Alexandr Gorski, Alexander Starukhin, and Jacek Waluk

Wavelength, nm
620 610 600 590 580 570 560 550 540

N\177 7]

341
815

Emission intensity, arb. units

17100 18000

Wavenumber, cm’

16200

Fig. 7. Fluorescence excitation spectrum of porphycene in 2-me-
thyltetrahydrofuran at 4.2 K obtained upon selective monitoring
of fluorescence at 630.5 nm. The rectangle shows the position of
the S, origin band, and the arrows indicate the S; frequencies
(those of S, are not shown, because of larger error in their deter-
mination due to broader bands).

Summary and conclusions

The cryogenic experiments have been carried out for
two somewhat different regimes: (i) spectroscopy with
moderate spectral resolution for polymer samples and ni-
trogen matrices at temperatures not lower than 10 K; (ii)
fluorescence line narrowing for glassy matrices at liquid
helium temperature. The results obtained using these two
setups may at first seem somewhat contradictory: based on
the spectra obtained for porphycene in polymers, correla-
tion between the sites has been postulated for the S and S»
states. On the other hand, the FLN experiments show a
clear effect of the site selectivity loss while exciting to S5.

In order to reconcile these results, we first note that the
comparison of the two regimes is not straightforward, due
to different spectral resolutions. The data obtained with
lower resolution suggest a correlation between S; and S
sites, but they do not imply that it has to be of 1:1 type.
The FLN experiments with higher spectral resolution seem
to exclude a 1:1 scenario, but not a possibility that a par-
ticular S site is correlated to a certain subset of sites in S5.
Such situation can explain the observation that even
though line broadening occurs for Sy excitation, the fluo-
rescence excitation spectrum is still much more structured
than the absorption (cf. Fig. 2 and 7).

Second, one cannot exclude that the sites can intercon-
vert at temperatures exceeding 10 K, but not at 4.2 K. In
order to assess the role of temperature and environment in
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the site structure, further experiments are required, carried
out in parallel for different matrices in the temperature
range as high as possible.
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JocnigxeHHa donyopecueHLil nopgileHy B pisHUX
KpioreHHMX MaTpuLsax

Michat Gil, Alexandr Gorski, Alexander Starukhin,
Jacek Waluk

Huspkotemnepatypra ¢iyopecuetiiis nopgiueny, cTpykTyp-
HOTO i30Mepy nop¢ipuHy, Oyia BUBYEHA 3 BUKOPUCTaHHSIM IIOJi-
MEpHHX 3pa3KiB, MAaTPUYHOI 130JSILIT Ta TEXHIKM 3BY)KCHHS JIHIH
¢uryopecuennii (3JId). Ha Bigqminy Bix xpomodopy, BOyJ0BaHOTO
B a30THY MaTPHULO, BUIPOMIHIOBAHHS IMOJIMEPHHX 3pa3KiB IpH
temreparypax Bumie 10 K cHilbHO 3aIeKHUTh BiJ JOBKHHH XBIJII
30yKeHHsT: 301IbLIeHHs eHepril 30y/HKeHHs IPU3BOAUTH 10 TOC-
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TYIIOBOTO PO3IIMPEHHS Ta, B KiHIIEBOMY IiJICYMKY, 1O BTPAaTH KO-
JMBaJbHOI CTPYKTYpH. J[OCHTh HE3BHYHHM CIIOCTEPEKEHHSIM €
HOIOHICTh CTPYKTYPOBAHHUX CHEKTPIB (ryopecueHLii, OTpuMaHKuX
mpu 30ymkerHi B S 1.5, cranu. Lle Bka3zye Ha KOPEIAIIiI0 MiXK po3-
nojiaMu no3uiid B Sy i Sp. AHanOriuHy ifgero Oyio BHCYHYTO
paninre it Terpadeninmmopdipuny (I. Lee, G.J. Small, .M. Hayes,
J. Phys. Chem. 94, 3376 (1990)). Mu npuiryckaeMo, 110 KOpersiis
00yMOBIICHA 130TPOITHOIO 3JATHICTIO O MOJISApU3alil B IUIONIHHI
MOJICKYJIH; PO3PAaXYHKH HiATBEPIUKYIOTh Taky rinoresy. s nop-
¢ineHy monaTKOBHM (DaKTOPOM, SIKMH MOXE CIpPHATH edexry, €
MIBU/IKA TPAHC-TPAHC TayTOMepH3allisi, siKa MPU3BOIUTH 0 3MiHH
ocelt x Ta y y mwionmHi Monekymu. Crekrpu 3J1D mokasyrors 3Ha-
YHE PO3LIMPEHHS CMYTHU IpH 30ykeHH1 B Sy. Lle roBoputs npo Te,
0 KOPEJISIis MO3HIINA He BiTHOCUTHCS A0 TUiry 1:1, abo 1mo mpu
4,2 K nunamika oOMiHy MO3HMIISIMU 3aMOPOXKEHa B MOPIBHSHHI 3
CHTYaIi€I0 IpH OLIBII BUCOKUX TEMIIEpaTypax.

KurouoBi citoBa: uryopectieHtiis, mopditeH, MaTpHIHA 130JISLIis.

WcenegoBaHusa dnyopecueHuun nopduleHa B
pasnMyHbIX KPUOTEHHbIX MaTpuuax

Michat Gil, Alexandr Gorski, Alexander Starukhin,
Jacek Waluk

Huskoremneparyphast ¢uyopecueHuus nopQuueHa, cTpyk-
TYpHOTO M30Mepa nophupuHa, OpUIa U3ydeHa C HCIOJIB30BaHUEM
HOJIMMEPHBIX 00pa3LOB, MATPUYHON M30JISLUHM U TEXHHKH Cy¥kKe-
aust AN ayopecuennun (CJID). B ormmume ot xpomodopa,
BCTPOGHHOT'O B a30THYIO0 MaTpUIly, U3JIy4CHHE MOJMMEPHBIX 00-
pa3noB npu Temneparypax Beire 10 K criibHO 3aBHCHT OT JUTMHEL
BOJIHBI BO30YXKICHMS: yBEIMYCHHUE SHEPIMU BO30YXKICHUS HPH-
BOJHT K MOCTEIIEHHOMY YIIUPCHUIO M, B KOHEYHOM HTOTe, K II0-
Tepe KojebaTenbHOH CTPYKTYpbl. JlOBOJIBHO HEOOBIYHBIM Ha-
OJIOJICHNEM SIBISIETCS CXOJACTBO CTPYKTYPHPOBAHHBIX CIIEKTPOB
(iryopecieHIMy, MOTyYeHHBIX HpU BO30yxaeHuu B S; u Sy co-
CTOSIHMSL. DTO yKa3blBaeT Ha KOPPEISIIUIO MEXIY paclpejerne-
HUSIMU TT03MLUH B S U Sp. AHasnorudHast uzaes Obula BBIIBUHYTA
panee st terpadenmmopdupuna (1. Lee, G.J. Small, .M. Hayes,
J. Phys. Chem. 94, 3376 (1990)). Ml npeamosnaraem, 4To Koppe-
TSI 00YCIIOBIIEHa M30TPOITHON MOJIPU3YEMOCTBIO B INIOCKOCTH
MOJICKYJIbI; pacyeThl MOATBEPXKIAIOT TaKylo rumoresy. Jns nop-
(uIeHa TOTOIHUTENIBHBIM (PaKTOPOM, KOTOPBIH MOXKET CIOCOOCT-
BOBath A(QHEKTY, SIBISETCS OBICTpast TPAHC-TPAHC TayTOMEpPH3aLys,
KOTOpasi TIPUBOJUT K CMEHE OCEH X U ) B IUIOCKOCTH MOJICKYIIBL.
Crextpbl CJI® moKa3bIBalOT 3HAYUTETIBHOE YIIUPEHHE IOJIOCHI
IpH BO30YKAEHUH B Sp. DTO TOBOPHUT O TOM, UTO KOPPEIISIHS MO-
3unui He oTHOcUTCs K Tumy 1:1, mim uro mpu 4,2 K nunamuxa
oOMeHa MO3UIUSIMH 3aMOPOXKEHA 110 CPABHEHUIO C CUTYAIMeH IIpH
0oJiee BBICOKHX TEMIIEPaTypax.

KinroueBbie cioBa: diayopecueHIus, MOpPUIEH, MaTpUIHAS
H30JIALIH.
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