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Abstract

A novel phosphorus-containing compound (DOPO-THRO3ynthesized via the
Atherton-Todd-reaction between
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide  (DOPO) and
trinydroxymethylphosphine oxide (THPO), and therptyed as flame retardant for
diglycidyl ether of bisphenol A/4-4 diaminodiphemdthane epoxy resin
(DGEBA/DDM). Based on the ultra-low phosphorus loagd the highly efficient
flame retarded epoxy resin (EP) systems are suodlgsestablished in this work.
Remarkable improvements in the limited oxygen inde®l) values and UL-94
rating of flame retarded EP systems are observedietail, when the phosphorus
content is only 0.33 wt%, the EP composite receWsrating in the UL-94 vertical
burning test with LOI value of 30%. Heat releaseE® composites is obviously
inhibited with the formation of intumescent chasideie. Furthermore, TG-IR result
of DOPO-THPO shows the generation of phosphorusaaang products, which may
provide a gaseous phase flame retardant functidéRo his work may open the new
door for the construction of highly efficient flamnetardant EP system based on the

ultra-low phosphorus loading.

Key words: ultra-low phosphorus loading; flame retardancy;xgp@sin; UL-94

V-0 rating.



1. Introduction

Epoxy resin (EP) has attracted great attention foewple since it was created, due
to its outstanding properties, such as high tramesmy, excellent adhesion to
substrates and superior electrical and mechana&bnmances. Thus, it has extensive
applications in various industrial fields [1-7]. fdntunately, EP is easy to ignite with
low limited oxygen index (LOI) value and shows radimg in the UL-94 vertical
burning test [8-10]. The flammability of EP restrsiits further applications.

Therefore, it is of great significance to improte flame retardancy of EP.

Halogen-containing compounds are recognized toffideat flame retardants for
EP. However, the negative effect on the environnaeat ecological health is caused
by the usage of these additives. Accordingly, teeetbpment of halogen-free flame
retardants is necessary and other anti-flaming eésn such as phosphorus [11-13],
boron [14, 15], silicon [16, 17] and nitrogen [1B9], come into people’s vision.
Among these favored elements, phosphorus is the omed elements in flame
retarded EP system, owing to its high flame retardefficiency. Based on these
literature, phosphorus-containing flame retardémstion not only in gaseous phase
but also in condensed phase. The former is origthéitom the radical scavenging
effect of PO- radicals and the latter is achieved tlhe protective effect of

phosphorus-containing char residue [20].



Owing to the remarkable gaseous fire-resistant  opesdnce,
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oX[@@®PO) and its derivatives
have drew the extensive attention of researcheds 21-25]. Schafer et al. have
investigated the influence of DOPO on the flamanddancy of EP, and found that the
flame retarded EP couldn’t pass the UL-94 V-0 gatimtil 0.81 wt% phosphorus was
added [24]. However, this flame retardant effickene dissatisfactory. Then, more
effort is needed to achieve the high flame retarddirciency, with simultaneously
decreasing the phosphorus content as low as pesdibifortunately, only a few
works focus on the development of such highly effit DOPO derivatives. Jian et al.
have constructed a flame retardant EP system withoeel DOPO analogue
(DOPO-ABZ). Under the same phosphorus loading (0M8%), the composite
containing DOPO-ABZ received the V-0 rating white tsample with DOPO failed to
pass UL-94 rating [25]. To further improve the flametardant efficiency for EP,
another two works were conducted by them. The spoeding flame retarded EP
system can pass the V-0 rating with very low phosp$ loading (0.56 and 0.49 wt%)

[26, 27].

Thus, the aim of this work is the construction wftthy efficient flame retardant EP
system with ultra-low phosphorus loading. A noviebgphorus-containing compound
(DOPO-THPO) is synthesized via Atherton-Todd-reac{i28-31] and used as flame
retardant for EP systems. Results frdkh and *'P nuclear magnetic resonance

spectroscopy (NMR), Fourier transform infrared speszopy (FTIR), electrospray
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ionization mass spectrometry (ESI-MS) and elemesmalyses confirm the complex
structure of DOPO-THPO. Moreover, it is found thato different P-groups are
presented in one molecule of DOPO-THPO. To datepdumcing different P-groups
into flame retardant has stimulated the wide irdieod researchers, owing to its high
flame retardant efficiency [9, 32-37]. The flamdardancy of EP is significantly
improved after its incorporation. In detail, whenly 0.33 wt% phosphorus was
loaded, the flame retarded EP can pass the V-@grasuggesting the successful
construction of highly efficient flame retardant Efstem. The obvious decreases in
heat release rate and total heat release valuésuare by cone calorimeter test. After
combustion, more compact and intumescent charuesage observed for the flame
retarded EP. It is believed that DOPO-THPO exhitits flame retardant effects in
gaseous and condensed phase, resulting in thasiéicsigt enhancements in flame

retardancy of polymer.

2. Experimental
2.1 Materials

A 75% tetrakis-(hydroxymethyl)phosphonium sulfalélPS) aqueous solution was
provided by Aladdin Chemistry Co., Ltd. (China).t&sium iodide starch test papers,
barium hydroxide octahydrate, 30% hydrogen peroit}©,) solution, triethylamine,

dichloromethane (C¥Ll,), tetrachloromethane (C£)) anhydrous sodium sulfate,
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hydrochloric acid, sodium bicarbonate and 4,4 -ddiphenylmethane (DDM)
were bought from Sinopharm Chemical Reagent Cad, (€hina). DOPO was
purchased by Energy Chemical (Shanghai, Chidalycidyl ether of bisphenol A
(DGEBA, E-44, epoxy value = 0.44 mol/100 g) wasaietd from Hefei Jiangfeng
Chemical Industry Co., Ltd. (China). Triethylaminajichloromethane and
tetrachloromethane were purified by distillatiorrémnove water before use. All other

chemicals were used as received.

2.2 Synthesis of DOPO-THPO

THPO was synthesized according to the literafd® 39]. Before the reaction, the
prepared THPO was heated at 100for 2 h and the traces of water in THPO were
removed by sustained nitrogen gas flow. 2.8 g THR@44 g DOPO, 10.93 g
triethylamine and 100 mL of dried G&l, were charged into 250 three-necked flask
equipped with a mechanical stirrer and a droppuntnél. The reaction mixture was
cooled in ice bath and the temperature was kepd-at’C. After the complete
dissolution of DOPO, 16.63 g CQYolution was slowly added into the flask in 1 & vi
the dropping funnel and the temperature was kdpib#5 ‘C. The mixture was then
heated to 30C and agitated for 12 h. The reaction mixture wasshed with
hydrochloric acid solution sodium bicarbonate solution and deionized water to
remove impurities. After that, the mixture was drigith anhydrous sodium sulfate,

filtered, and evaporated under vacuum at@@or 24 h. A light yellow product with



the yield of 87% was obtained.

2.3 Preparation of pure EP and its composites

DGEBA and DOPO-THPO (0, 1.0, 1.5, 2.0, 2.5 wt%to# total thermoset) were
mixed with a mechanical stirrer at 10Q@ untii DOPO-THPO was completely
dissolved. Then, stoichiometric amount of DDM (telato DGEBA) was added and
dissolved. The hybrid was poured into the prehestaitless steel mold, cured at 100
‘C for 2 h, and postcured at 180D for 2 h. Thereafter, the thermoset was naturally
cooled slowly to room temperature to prevent cnagkirhese samples were named as

EP-1, EP-2, EP-3, EP-4, EP-5, respectively.

2.4 Characterization

Nuclear magnetic resonance spectra were performed Bruker AV400 NMR
spectrometer (400MHz) at room temperature. Foutiansform infrared (FTIR)
spectra were recorded on a Nicolet 6700 FTIR spphtitometer (Nicolet Instrument
Co., U.S.)Elemental analysis was conducted via the Vario I[EEléemental analyzer.
Electrospray ionization mass spectrometry (ESI-M&Sult was obtained by Agilent
6460 Triple Quadruple mass spectrometer equipp¢i an ESI source, and exact
masses were measured by a Thermo Scientific LTQtr@bMass Spectrometer
equipped with an electro-spray interface. Thermagratric analysis (TGA) was
recorded on a TA Q5000IR thermo-analyzer (TA Insieats Inc., U.S.) with a

heating rate of 20C/min. Differential scanning calorimetry was penfed with a
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DSC Q2000 (TA Instruments Inc., U.S.) at a heatiatg of 10°C/min under a
nitrogen atmosphere. Limited oxygen index (LOI) vedained according to ASTM
Standard D 2863 using a HC-2 oxygen index metan@hing Analysis Instrument
Company, China). The test specimens with dimensfoh00 x 6.5 x 3.0 mfhwere
burned in mixed atmosphere of oxygen and nitrogée. UL-94 vertical burning test
was performed on a CFZ-2 type instrument (Jiangmmglysis Instrument Co.,
China) according to ASTM D3801-1996 standard. Fipecimens with dimension of
130 x 13 x 3 mrhwere tested for one group. Combustion test wafoimeed on a
cone calorimeter (FTT, Co., Ltd., UK) according$®®-5660 standard. The specimen
with the sizes of 100 x 100 x 3 mMiwas wrapped in an aluminum foil and exposed
horizontally to a heat flux of 35 kwW/mScanning electron microscopy (SEM) images
of char residues were obtained on FEI Sirion 2@hsing electron microscope with
an acceleration voltage of 20 kV. Raman spectreevedtained on a LabRAM-HR
Confocal Raman Microprobe (JobinYvon InstrumentsnEe) with a 514.5 nm argon
ion laser. Thermogravimetric analysis/infrared sgeuoetry (TG-IR) was performed
on a TA Q5000IR thermo-analyzer coupled with a MNto6700 FTIR
spectrophotometer. About 8.0-10.0 mg of the sam@ls heated from 30 to 80CQ

with the heating rate of Z&C/min, under N atmosphere.

3. Reaults and discussion

3.1 Synthesisand structural characterization of DOPO-THPO



As shown in Fig. 1, two steps are required for pineparation of DOPO-THPO.
THPO is first synthesized from THPS and alkali befthe oxidation by FD,. Then,
the reaction between THPO and DOPO is carried @get the final product. From
the®'P NMR spectra of THPO and DOPO-THPO presentedgnZia singlet at 44.9
ppm is observed for THPO while two peaks appedinénspectrum of DOPO-THPO.
The signal at 11.4 ppm is attributed to the phoshof —Ph—P(=0)- and the peak at
31.8 ppm is corresponding to the phosphorus of ~€K0)-. The disappeared
signal of phosphorus in THPO and the new signalphafsphorus in DOPO-THPO
suggest the successful preparation of target ptodac’H NMR spectrum of
DOPO-THPO, the chemical shifts between 7.0 angpBi8 are due to the the protons

of phenyl rings while the peak around 4.4 ppm s@geed to methylene protons.

FTIR spectrum of DOPO-THPO is given in Fig. 3. Tdasorption bands at 2916
and 2967 cicorrespond to C-H vibration in methylene group whiie peak at 3063
cm™ belongs to C-H vibration in phenyl ring. The peaksl595 and 1476 chare
attributed to the P-Ph vibration of phenyl groupeTpresence of P-O-C vibration can
be observed at 1044 EmMoreover, the band at 750 &ris assigned to P-C vibration

[40, 41].

Elemental analysis results of DOPO-THPO arediste Table 1. The calculated
values are obtained according to the structurahfiba of the target product. Good

consistency is found between the calculated anduned values, which suggests that



the target product of DOPO-THPO is successfullytisgsized. Moreover, only C, H,
O and P elements exist in the product and the pigisphorus content of 15.37 wt%
is estimated (100 wt%-59.36 wt%-21.17 wt%-4.10 wt%) further confirm the
structure of DOPO-THPO, ESI-MS analysis was pertanand the corresponding
result is shown in Fig. 4. The ESI-MS resutZ calcd. for[M + Na]", 805.07000;

found, 805.07025) also indicates the successfygregion of DOPO-THPO.

3.2 Thermal stability of pure EP and its composites

TGA and DTG curves of pure EP and its compositeteuair and N are exhibited
in Fig. 5. The decomposition temperature at 5% hteligss (), the temperature at
maximum weight loss rate @k, and char yield at 73% (CY) are obtained from
these curves, and the relevant data are given ileT@. In air, two-stage
decomposition are observed for pure EP. The finstarresponds to the pyrolysis of
epoxy chains while the second one is originatethftbe degradation of char residue
[42]. Pure EP decomposes witly,bf 374°C and Tax1 as well as Fax20f 387 and
568 ‘C, respectively. Whereas in EP composites, obvieeseases ins¥, and Thax
are presented, suggesting the ahead of degraddtios.can be attributed to the
unstable O=P-O bond in DOPO-THPO. Moreover, it'srtiwvonoting that EP
composites show higher I value than pure EP, which indicates that more
thermal-stable char residue is formed under thegmee of DOPO-THPO. Moreover,

the increases in char yield and decreases in mawimass loss rate (MMLR) are
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observed. Similar phenomenon are also found jn T™he decomposition of EP
composites appears in advance with the incremanthar yield and reductions in

MMLR.

DSC was used to measure the glass transition tetuper(T) of pure EP and its
composites. The obtained DSC thermograms are showrFig. 6 and the
corresponding data are listed in Table. 2. Afteriticorporation of DOPO-THPO, EP
composites show higheyThan pure EP. The rich and bulky aromatic DQfe@dant
groups in flame retardant may hinder the mobilityfe® molecular chains [9]. Then,

the enhancedglis obtained, suggesting the enhanced thermalisyaddi EP.

3.3 Transmittance of pure EP and its composites.

As is well known, EP resins has wide applicatiomghie field of optoelectronics
because of its high transparency. However, thegusiiilame retardant additives often
result in the reduction in transparency of EP. Thiénis of great importance to
maintain the relative high transparency of matsriadlong with the markedly
enhanced flame retardancy. UV-vis transmissiontsped EP and its composites are
shown in Fig. 7 and their digital photos are alsespnted. Compared with pure
sample, EP composites still show relative highdpamency, which may be derived

from the good compatibility between DOPO-THPO afdngatrix.

3.4 Combustion behavior of pure EP and its composites

To investigate the combustion behavior of the clgBdesins, LOI and UL-94 tests
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were performed and the corresponding results aosvishin Table 3. Pure EP is
inherently flammable with a low LOI value of 26%daneceived no rating in the
UL-94 test. The significant improvement in flameareancy of EP is obtained after
the incorporation of DOPO-THPO. In detail, with tHeading of 1.0 wt%
DOPO-THPO, the sample of EP-2 receives V-1 ratmyL-94 test and shows LOI
value of 29%. When the loading of DOPO-THPO rises2i0 and 2.5 wt%, the
samples of EP-4 and EP-5 can pass the UL-94 ViOgratith further increased LOI
values of 30 and 32%, respectively. Moreover, ihaseworthy that the phosphorus
content in EP-4 and EP-5 are only 0.33 and 0.42,w&pectively, which based on
the formulation of this two flame retarded EP syseand the phosphorus content in
DOPO-THPO measured previously. These results rdhiablthe flame retardancy of
EP composite is enhanced markedly, even with lowsphorus content. Thus,

DOPO-THPO can be regarded as a highly efficiemhdaetardant for EP resins.

Cone calorimeter test, based on the well-known erygonsumption principle, is
widely used to evaluate the fire behavior of matsriHere, the flammability of pure
EP and its composites is evaluated via this appsuatd the obtained data are given
in Table 3. The heat release rate (HRR) and tatak Inelease (THR) curves as a
function of time are presented in Fig. 8. A highRiBeak appears in the curve of pure
EP with a peak heat release rate (PHRR) of 1725W%\&hd its THR is 60.2 MJ/Mm
Ahead of combustion is observed in EP compositésciwcan be attributed to the

decomposition of unstable organic component. Aftéye incorporation of
12



DOPO-THPO, the reductions in PHRR and THR valueshmobserved, suggesting
the improved flame retardancy of polymer. Whenvt% DOPO-THPO is added, the
PHRR and THR values are decreased by 21.3 and 17&&fectively. During the

combustion, the decomposition of DOPO-THPO mayass#ethe PO- radicals, which
can quench the highly active H- and OH- radicathénflame and hamper the radical
chain reactions. Then, the combustion efficienc¥Bfresin is reduced. In addition,
more thermal-stable and compact char residue mddrfor the samples containing
DOPO-THPO, as shown in Fig. 9. This char may irteutae flammable volatiles

from heat and oxygen and protect the underlyingmel from degradation to leave
more residue, further suppressing the burning ofrédths. Thus, it is believed that
DOPO-THPO may exhibit two flame retardant effeatsgaseous and condensed

phase, resulting in the significant enhancementiime retardancy of polymer.

Two parameters, the fire performance index (FPd) fme growth index (FGI), are
often used to assess the fire hazard of mateda8lp]. The FPI and FGI values are
defined as the ratio of TTI (time to ignition) t&IRR and the ratio of PHRR to TTP
(time to PHRR), respectively. There is a closeti@ship between FPI value and
time to flashover. The decreased FPI value meaasreéduction in the time to
flashover. Then, larger value of FPI is relevanthtgher fire safety of materials.
However, higher value of FGI represents the shditee to arrive at PHRR. Thus,
lower FGI value is corresponding to the more rerahlé fire safety of samples. After

the addition of DOPO-THPO, the increased FPI andredsed FGI values are
13



observed for EP composites, except for EP-2. Tlag be due to the minimal loading
of DOPO-THPO in EP-2. In general, the fire hazdrdEB resins is suppressed, even

at low phosphorus content.

3.5 Analysis of char residues after combustion.

Digital photos and SEM images of char residudsrafone calorimeter test are
given in Fig. 9. The formed char residues ofteryplan important role in suppression
on the burning of polymer, because of its barri&ot on the transfer of flammable
volatiles and heat. Pure EP shows a kind of fragangrand loose char residue from
its front view, and this char cannot effectivelgutate the combustible volatiles from
the heat and oxygen. Then, the suppression effecthe burning of underlying
polymer is marginal here. With the addition of DOFPBPO, the continuous and
compact char residues are observed in EP compaoasitdsit seem to be more
intumescent compared to that of pure EP, from itie giew of char, especially for
EP-5. During the combustion of EP, many gaseousatied are released and the
covered char serves as barrier on the diffusiorvalétiles. More compact and
thermal-stable char is formed in EP composites.nThkRe gaseous volatiles are
effectively trapped in condensed phase to form oistead of released to flame zone.
Thus, the swelling of char residue is obtained. frherostructure of char residue is
presented in SEM images. There are many holes mu#tscin the char of pure EP

while the smooth and unbroken char is found fordeé”posites. Therefore, adding
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DOPO-THPO contributes to the generation of comjact intumescent char layer,

which provides efficient suppression effect onening of EP.

Raman analysis is also employed to evaluate ulaétg of formed char residue and
the relevant results are shown in Fig. 10. Tworgjrpeaks located at 1360 and 1595
cm* are presented in the Raman spectra. The formeesmonds to the vibration of
carbon atoms with dangling bonds in the plane teations of disordered graphite or
glassy carbons (D band) and the latter is assigmede vibration of sphybridized
carbon atoms in a graphite layer (G band) [46, #ig ratio of integral intensity of D
and G bands {llg) is used to estimate the graphitization degreehar residue.
Lower value of d/lg represents higher graphitization degree of chdrichvcan
protect the polymer matrix more efficiently. Thelua of Ib/Ig of char residue is
decreased after the incorporation of DOPO-THPO,gssiing the enhanced
graphitization degree of char. Then, more protecthar residue is formed in EP

composites and then the burning of EP resin isitdd effectively.

3.6 TG-IR analysis of DOPO-THPO

To better understand the flame retardant effe@©@PO-THPO in gaseous phase,
FTIR spectra of its decomposed volatiles at difietemperature are shown in Fig. 11.
Accordingly, these main bands can be attributedth® functional groups with
characteristic band positions, such as hydrocarb@®g800-2900 crl), CO

(2310-2360 cnl), carbonyl compounds (1700-1780 tnj48], aromatic compounds
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(1510 cm’) [49], P=O bonds (1237 ¢t and P-O bonds (1122 &M [25]. The
absorbance of hydrocarbons appears in early decsitiggo stage and almost
disappears at 458C. However, more aromatic compounds are releasd¢id thie
increment of temperature. Moreover, the presengéo$phorus containing products,
which may play an important role in flame inhibitithrough gaseous phase, can be

observed.

4. Conclusions

In this work, a highly efficient flame retardant Elstem based on the ultra-low
phosphorus loading, is successfully constructede Tsed flame retardant of
DOPO-THPO is synthesized via the Atherton-Todd#ieacbetween THPO and
DOPO. The structure of this compound is confirmgdNMR, FTIR, EA and ESI-MS
analyses. After the incorporation of DOPO-THPO, significant improvements in
LOI values and UL-94 ratings are found for EP cosi@s. With only 0.33 wt%
phosphorus content, the flame retarded EP can thas¥/-0 rating. The obvious
decreases in PHRR and THR values are also obsertkdhe formation of more
compact and intumescent char residues, which canascefficient shield for
underlying EP matrix. This indicates the condengbkdse fire resistant function of
DOPO-THPO. Furthermore, TG-IR analysis of DOPO-TH&®@ws the release of
phosphorus containing volatiles, which may endois #uditive with gaseous phase

flame retardant effect. The PO- radicals, releaBedh the decomposition of
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DOPO-THPO, can quench the highly active H- and @dicals in the flame and
hamper the radical chain reactions, resulting & stppression in the combustion of
EP. This work may open the new door for the corsima of highly efficient flame

retardant EP system based on the ultra-low phosghoading.
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Table captions

Table 1. Elemental analysis results of DOPO-THPO.

Table 2. Thermal parameters of the cured epoxysasider air and N
Table 3. LOI and UL94 test results of the curedxgpesins.

Table 4. Combustion parameters of the cured ep@syns obtained from cone

calorimeter test.

Table 1. Elemental analysisresults of DOPO-THPO.

Elements C (wt%) O (Wt%) P (wt%) H (wt%)
Calculated 59.84 20.46 15.86 3.84
M easur ed 59.36 21.17 15.37 4.10

4Estimated by 100 wt%-59.36 wt%-21.17 wt%-4.10 wt%.

25



Table 2. Thermal parametersof the cured epoxy resinsunder air and No.

Air N>,
Samples 7(C)

T5% (OC) Tmax]_, TmaxZ(OC) CY (Wt%) -I-S% (OC) Tmax(OC) CY (Wt%)

EP-1 147 374 387, 568 1.29 373 393 16.2
EP-2 155 355 374, 631 1.44 356 377 17.2
EP-3 154 350 371, 616 1.56 355 374 17.4
EP-4 155 347 372, 617 1.77 348 374 18.1

EP-5 154 342 367, 619 2.26 342 382 18.7
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Table 3. LOI and UL 94 test results of the cured epoxy resins.

Sample P content (wt%) LOI (%) UL 94 rating
EP-1 0 26 NR
EP-2 0.16 29 V-1
EP-3 0.25 29 V-1
EP-4 0.33 30 V-0

EP-5 0.41 32 V-0
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Table 4. Cone calorimeter test results of the cured epoxy resins.

Sample T TTP PHRR THR FPI FGI

(s) (s) (KW/m?) (MJ/Im?)  (m?-s/kW)  (KW/m?-s)

EP-1 50 100 1725 60.2 0.029 17.25
EP-2 38 80 1488 56.4 0.025 18.60
EP-3 48 88 1450 56.8 0.033 16.47
EP-4 48 88 1357 52.4 0.035 15.42

EP-5 49 88 1375 49.8 0.036 15.62
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Figure captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1. Scheme of the synthesis for DOPO-THPO.

2. NMR spectra of THPO and DOPO-THPO.

3. FTIR spectrum of DOPO-THPO.

4. ESI-MS spectrum of DOPO-THPO.

5. TGA and DTG curves of pure EP and its cosites under air andJ\

6. DSC thermograms of the cured epoxy resins.

7. Digital photos and UV-vis transmission dpgof the cured epoxy resins.

8. HRR and THR curves of pure EP and its castips.

9. Digital photos and SEM images of char resglafter cone calorimeter test.

10. Raman spectra of char residues.

11. FTIR spectra of the evolved decomposedtiles generated from

DOPO-THPO.
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Highlights
1. Highly efficient flame retarded epoxy resin (EP) systems are successfully
established in this work, based on the ultra-low phosphorus loading.
2. When the phosphorus content is only 0.33 wt%, the EP composite receives V-0
rating in the UL 94 vertical burning test with LOI vaue of 30%.
3. Obviously decreased heat release rate and total heat release are also observed.
4. This flame retardant show very pronounced flame retardant effect both in gaseous

and condensed phase.



