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Ðîçãëÿíóòî ìåõàíiçì óòâîðåííÿ êëàñòåðiâ ó ðîç÷èíàõ ïîëiìåðiâ, ÿêèé ñïiëüíèé äëÿ âèñîêî-
òà íèçüêîìîëåêóëÿðíèõ ðîç÷èíiâ. Çàïðîïîíîâàíî ôàçîâó äiàãðàìó äëÿ âèñîêîìîëåêóëÿðíèõ
ðîç÷èíiâ, çãiäíî ç ÿêîþ ãåëü âèñòóïà¹ ÿê ìåçîôàçà. Ââàæà¹ìî, ùî àíàëîãi÷íà äiàãðàìà äiéñíà
é äëÿ íèçüêîìîëåêóëÿðíèõ ðîç÷èíiâ. Âiäïîâiäíî, êëàñòåðèçàöiþ (ïîÿâó êëàñòåðiâ ó ðîç÷èíàõ)
ðîçãëÿäà¹ìî ÿê ôàçîâèé ïåðåõiä ïåðøîãî ðîäó, ùî ñóïðîâîäæó¹òüñÿ óòâîðåííÿì ìåçîôàçè. Íà-
ÿâíiñòü çãàäàíîãî ïåðåõîäó ïiäòâåðäæåíî åêñïåðèìåíòîì ç ðîçñiÿííÿ ñâiòëà âîäíèì ðîç÷èíîì
ãiäðîêñèïðîïiëìåòèëöåëþëîçè.
Óâåäåíî ìîäåëü iäåàëüíî¨ ìåçîôàçè, õàðàêòåðíîþ îçíàêîþ ÿêî¨ ¹ äâà òèïè òåïëîâèõ êîëè-

âàíü � äðiáíîìàñøòàáíèõ âèãèííèõ êîëèâàíü-ëàíöþãiâ òà âåëèêîìàñøòàáíèõ êîëèâàíü, ùî
ïîøèðþþòüñÿ ó âèãëÿäi ïîïåðå÷íèõ õâèëü. Ðîçðàõîâàíî âiëüíó êîëèâàëüíó åíåð iþ â òàêié
ìîäåëi.
Êëþ÷îâi ñëîâà: ïîëiìåðíèé ðîç÷èí, êëàñòåðèçàöiÿ, ìåçîôàçà, ôàçîâèé ïåðåõîä ïåðøîãî

ðîäó.
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ÂÑÒÓÏ

ßê âiäîìî [1], ó ôiçèöi ðîç÷èíiâ ïðèéíÿòî âèäiëÿòè
äâà êëàñè: íèçüêîìîëåêóëÿðíi òà âèñîêîìîëåêóëÿðíi
(ïîëiìåðíi) ðîç÷èíè. Âiäîìî òàêîæ, ùî â ïîëiìåðíèõ
ðîç÷èíàõ ìîæóòü áóòè äâà òèïè ñòðóêòóð: çîëü- òà
ãåëü-ñòðóêòóðà [2�4]. Ó ãåëü-ñòðóêòóði, íà âiäìiíó âiä
çîëü-ñòðóêòóðè, ïîëiìåðíi ëàíöþãè, ç'¹äíóþ÷èñü ìiæ
ñîáîþ íà îêðåìèõ äiëÿíêàõ, ÿêi íàçèâàþòüñÿ âóçëà-
ìè, óòâîðþþòü ïîëiìåðíó ñiòêó (êàðêàñ). Ó ïåâíî-
ìó òåìïåðàòóðíîìó iíòåðâàëi ðîçáàâëåíèé ïîëiìåð-
íèé ðîç÷èí ìîæíà ðîçãëÿäàòè ÿê ìàòðèöþ iç çîëü-
ñòðóêòóðîþ, ó ÿêié �ïëàâàþòü� êëàñòåðè, ùî ìàþòü
ãåëü-ñòðóêòóðó (ðèñ. 1).

Ðèñ. 1. Ñõåìà áóäîâè ïîëiìåðíîãî ðîç÷èíó: 1 � ëàíöþã, 2
� ðîç÷èííèê, 3 � êëàñòåð, 4 � âóçîë

Fig. 1. Schematic structure of a polymer solution: chain (1),
solvent (2), cluster (3), and node (4)

Òàêi êëàñòåðè ñóòò¹âî âïëèâàþòü íà âëàñòèâîñòi ïî-
ëiìåðíèõ ðîç÷èíiâ [5�7]. Êëàñòåðè íàÿâíi é ó íèçüêî-
ìîëåêóëÿðíèõ ðîç÷èíàõ. Ó öié ïðàöi äîñëiäæåíî äè-

íàìi÷íå ðîçñiÿííÿ ñâiòëà âîäíèìè ðîç÷èíàìè ãëþêî-
çè. Âèìiðþâàííÿ ïðîâîäèëè çà äîïîìîãîþ ïðèëàäó
Zetasizer Nano ZS (Malvern Ltd., Âåëèêîáðèòàíiÿ). ßê
âiäîìî [8], çà âèêîðèñòàííÿ ìåòîäó äèíàìi÷íîãî ðîçñi-
ÿííÿ ñâiòëà ðîç÷èí ðîçãëÿäàþòü ÿê äâîêîìïîíåíòíèé
êîíòèíóóì. Îäíà êîìïîíåíòà � öå ðîç÷èííèê, äðóãà
� ÷àñòèíêè, ç óñiõ áîêiâ îòî÷åíi ðîç÷èííèêîì. Çãàäà-
íèé ìåòîä äà¹ çìîãó âèçíà÷èòè ôóíêöiþ J(d) � ðîç-
ïîäië ðîçìiðiâ ÷àñòèíîê.

Ðèñ. 2. Ðîçïîäië ðîçìiðiâ ÷àñòèíîê J(d), îòðèìàíèé äëÿ
5% (ìàñ.) âîäíîãî ðîç÷èíó ãëþêîçè ïðè òåìïåðàòóði 293 K

Fig. 2. Distribution of the particle sizes J(d) obtained for a
5 wt% aqueous glucose solution at a temperature of 293 K

ßê ïðèêëàä, íà ðèñ. 2 íàâåäåíî ôóíêöiþ J(d) äëÿ
âîäíîãî ðîç÷èíó ãëþêîçè ç êîíöåíòðàöi¹þ 50 ã/ë,
îòðèìàíó çà òåìïåðàòóðè 20◦C. Àíàëiç ðèñ. 2 ïîêà-
çó¹, ùî â äîñëiäæåíîìó ðîç÷èíi ¹ äâà òèïè ÷àñòèíîê:
äðiáíîìàñøòàáíi (ðîçìiðîì áëèçüêî íàíîìåòðà) òà âå-
ëèêîìàñøòàáíi (ðîçìiðîì áëèçüêî ñîòíi íàíîìåòðiâ).
Âî÷åâèäü, ðîçìiðîì äðiáíîìàñøòàáíî¨ ÷àñòèíêè ¹ ãi-
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äðîäèíàìi÷íèé äiàìåòð ìîëåêóëè ãëþêîçè. Âåëèêî-
ìàñøòàáíi æ ÷àñòèíêè ¹ íå ùî iíøå, ÿê êëàñòåðè, ïðî
ÿêi éøëîñÿ.
Íàÿâíiñòü êëàñòåðiâ ó íèçüêîìîëåêóëÿðíèõ ðîç÷è-

íàõ ïiäòâåðäæóþòü òàêîæ i ðåçóëüòàòè iíøèõ äîñëi-
äæåíü [9�11]. Íà ñüîãîäíi âñå ùå íå ç'ÿñîâàíå ïèòàí-
íÿ ïðî ïðè÷èíè ïîÿâè êëàñòåðiâ ó ðîç÷èíi. Âiäïîâiñòè
íà öå ïèòàííÿ íàìàãàëèñü îêðåìî äëÿ ïîëiìåðíèõ [2�
4] i îêðåìî äëÿ íèçüêîìîëåêóëÿðíèõ ðîç÷èíiâ [9�11].
Àâòîðè öi¹¨ ïðàöi ââàæàþòü, ùî ¹ ¹äèíèé ñïiëüíèé
äëÿ îáîõ çãàäàíèõ êëàñiâ ðîç÷èíiâ ìåõàíiçì óòâîðåí-
íÿ êëàñòåðiâ, ÿêèé ïðîïîíó¹ìî íèæ÷å.

I. ÏÎËIÌÅÐÍÈÉ ÃÅËÜ ßÊ ÌÅÇÎÔÀÇÀ

ßê âiäîìî [12], ëàíöþãè â ðîç÷èíi çà ïåâíèõ óìîâ
ìîæóòü óòâîðþâàòè ïîëiìåðíèé êðèñòàë. Ñàìå òàêî-
ìó âèïàäêó âiäïîâiäà¹ ôàçîâà äiàãðàìà, ÿêà ïîøèðå-
íà â ëiòåðàòóði [13�15] i ÿêó â ñïðîùåíîìó âèãëÿäi
çîáðàæåíî íà ðèñ. 3. Äëÿ âèçíà÷åíîñòi ââàæàòèìåìî
äàëi ðîç÷èííèêîì âîäó.

Ðèñ. 3. Ôàçîâà äiàãðàìà ñèñòåìè �âîäà�ïîëiìåð�, ùî âiäïî-
âiäà¹ ìîæëèâîñòi óòâîðåííÿ âèêëþ÷íî êðèñòàëi÷íèõ êëà-

ñòåðiâ (ϕ � îá'¹ìíà êîíöåíòðàöiÿ ïîëiìåðà)

Fig. 3. Phase diagram of the �water�polymer� system
corresponding to the formation possibility of exclusively
crystalline clusters (ϕ is the polymer volume concentration)

Çãiäíî ç ðèñ. 3 äiëÿíêà �T − ϕ� ïëîùèíè (T � òåì-
ïåðàòóðà, ϕ � âiäíîñíèé îá'¹ì ïîëiìåðà ó ðîç÷èíi),
ùî îáìåæåíà ëiíi¹þ ÅÂÌÅ, ¹ äiëÿíêîþ ñïiâiñíóâàí-
íÿ ðîç÷èíó òà êðèñòàëà, òîáòî â äiëÿíöi ÅÂÌÅ ñè-
ñòåìó ìîæíà ðîçãëÿäàòè ÿê ðiâíîâàæíèé ðîç÷èí, ó
ÿêîìó ðîçòàøîâàíi êðèñòàëi÷íi êëàñòåðè. Ç ðèñ. 3 âè-
äíî òàêîæ, ùî íàâåäåíà ôàçîâà äiàãðàìà ïåðåäáà÷à¹
íàÿâíiñòü ó ñèñòåìi �âîäà�ïîëiìåð� òðüîõ ôàç: ëüîäó,
ïîëiìåðíîãî êðèñòàëà òà âîäíîãî ïîëiìåðíîãî ðîç÷è-
íó.
ßê âiäîìî [16], êiëüêiñòü ôàç r, ÿêi ìîæóòü áóòè

â ãåòåðîôàçíié ñèñòåìi, âèçíà÷à¹òüñÿ ïðàâèëîì ôàç
�iááñà

r ≤ n+ 2, (1)

äå n � êiëüêiñòü êîìïîíåíò, ç ÿêèõ ñêëàäà¹òüñÿ ñèñòå-
ìà. Ó ñèñòåìi, ïðî ÿêó éäåòüñÿ, êîìïîíåíòàìè ¹ âîäà

òà ïîëiìåð, i îòæå ìàêñèìàëüíà êiëüêiñòü ôàç ÷îòèðè.
×åòâåðòîþ ôàçîþ íà äîäàòîê äî òðüîõ óæå çãàäàíèõ
óâàæàòèìåìî ãåëü. Ó ðàçi, êîëè ó äâîêîìïîíåíòíié
ñèñòåìi ¹ ÷îòèðè ôàçè, ôàçîâà äiàãðàìà íàáóâà¹ âè-
ãëÿäó [13], çîáðàæåíîìó íà ðèñ. 4.

Ðèñ. 4. Ôàçîâà äiàãðàìà ñèñòåìè �âîäà�ïîëiìåð�, ùî âiä-
ïîâiäà¹ ìîæëèâîñòi óòâîðåííÿ ÿê êðèñòàëi÷íèõ, òàê i ãå-

ëåâèõ êëàñòåðiâ

Fig. 4. Phase diagram of the �water�polymer� system
corresponding to the formation possibility of both crystalline

and gel clusters

Çãiäíî ç ðèñ. 4 ïîëiìåðíèé ðîç÷èí ìîæå áóòè ó äâîõ
ôàçîâèõ ñòàíàõ: çîëü-ôàçi òà ãåëü-ôàçi. Ïåðøèé � ó
äiëÿíöi, îáìåæåíié ëiíi¹þ PQ1D1BA, äðóãèé � ó äi-
ëÿíöi, ðîçòàøîâàíié âèùå âiä ëiíi¨ A1B1E. Äiëÿíêà,
îáìåæåíà ëiíi¹þ PD1B1A1, ¹ äiëÿíêîþ ñïiâiñíóâàííÿ
îáîõ çãàäàíèõ ôàç. Ñàìå â öié äiëÿíöi, áóäó÷è â ðiâ-
íîâàçi, ðîç÷èí ìà¹ ñòðóêòóðó, çîáðàæåíó íà ðèñ. 1.
Çãiäíî ç ôàçîâîþ äiàãðàìîþ, íàâåäåíîþ íà ðèñ. 4,
çîëü-ãåëü -ïåðåõiä ¹ ôàçîâèì ïåðåõîäîì ïåðøîãî ðî-
äó. ßê âiäîìî àâòîðàì, ïðî òàêó âëàñòèâiñòü çîëü-ãåëü
-ïåðåõîäó â ëiòåðàòóði äîñi íå éøëîñÿ.
Ïðóæíèé ìîäóëü çñóâó äëÿ çîëü-ôàçè ïðèéíÿòî

ââàæàòè òàêèì, ùî äîðiâíþ¹ íóëåâi, à ïðóæíîìó çñóâ-
íîìó ìîäóëþ G ãåëü-ôàçè ïðèïèñóþòü ïåâíå íåíó-
ëüîâå çíà÷åííÿ [2�4], òàê ùî ç öüîãî ïîãëÿäó ãåëü-
ôàçà áëèæ÷à äî òâåðäîãî òiëà, íiæ çîëü-ôàçà. Âiä-
ïîâiäíî ãåëü-ôàçà çàéìà¹ ïðîìiæíå ïîëîæåííÿ ìiæ
çîëü-ôàçîþ òà êðèñòàëîì, çàñëóãîâóþ÷è òèì ñàìèì
íà íàçâó �ìåçîôàçà�.

II. ÔËÓÊÒÓÀÖI�, ÏÎÂ'ßÇÀÍI
Ç ÓÒÂÎÐÅÍÍßÌ ÌÅÇÎÔÀÇÈ

Ïðîâåäåìî åêñïåðèìåíòàëüíó ïåðåâiðêó ðåàëüíîñòi
äiàãðàìè, çîáðàæåíî¨ íà ðèñ. 4. Ïiä ÷àñ öüîãî åêñïå-
ðèìåíòó âðàõó¹ìî ðåçóëüòàòè ïðàöi [17], ó ÿêié ïîêà-
çàíî, ùî â îêîëi òåìïåðàòóðè ôàçîâîãî ïåðåõîäó T0

ìàþòü âèíèêàòè àâòîõâèëi, iíòåíñèâíiñòü ÿêèõ ïîâèí-
íà çðîñòàòè ç íàáëèæåííÿì òåìïåðàòóðè ñèñòåìè äî
òåìïåðàòóðè T0.
Çà äîïîìîãîþ íåôåëîìåòðà ÍÔÌ [18] äîñëiäèëè

ðîçñiÿííÿ ñâiòëà ó âîäíèõ ðîç÷èíàõ ãiäðîêñèïðîïië-
ìåòèëöåëþëîçè [19]. Âèçíà÷èëè çàëåæíiñòü âiä ÷àñó t
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âiäíîñíî¨ iíòåíñèâíîñòi ðîçñiÿíîãî ñâiòëà

ξ(t) = I(t)/I(0), (2)

äå I(t), I(0) � iíòåíñèâíîñòi ðîçñiÿíîãî ñâiòëà â ìî-
ìåíòè ÷àñó t òà t = 0 âiäïîâiäíî.
Îäíó ç òàêèõ çàëåæíîñòåé íàâåäåíî íà ðèñ. 5.

Ðèñ. 5. ×àñîâà çàëåæíiñòü âiäíîñíî¨ iíòåíñèâíîñòi ñâiòëà,
ðîçñiÿíîãî 3% (ìàñ.) âîäíèì ðîç÷èíîì ãiäðîêñèïðîïiëìå-

òèëöåëþëîçè ïðè òåìïåðàòóði 323 K

Fig. 5. Time dependence of the relative intensity of light
scattered by a 3 wt% aqueous solution of hydroxypropyl

methylcellulose at a temperature of 323 K

Ðèñ. 6. Òåìïåðàòóðíà çàëåæíiñòü ñåðåäíüî¨ âiäíîñíî¨ ií-
òåíñèâíîñòi ñâiòëà, ðîçñiÿíîãî 3% (ìàñ.) âîäíèì ðîç÷èíîì

ãiäðîêñèïðîïiëìåòèëöåëþëîçè

Fig. 6. Temperature dependence of the average relative
intensity of light scattered by a 3 wt% aqueous solution of

hydroxypropyl methylcellulose

ßê âèäíî ç öüîãî ðèñóíêà, âåëè÷èíà ξ ç ÷àñîì çà-
çíà¹ ôëóêòóàöié, ÿêi ñóòò¹âî ïåðåâèùóþòü ïîõèáêó
åêñïåðèìåíòó. Àíàëîãi÷íó ïîâåäiíêó ξ(t) ñïîñòåðiãà-
ëè é äëÿ iíøèõ òåìïåðàòóð. Äëÿ íàáîðó òåìïåðàòóð-
íèõ òî÷îê (ðèñ. 6) ðîçðàõîâóâàëè ñåðåäíþ âiäíîñíó
iíòåíñèâíiñòü ðîçñiÿíîãî ñâiòëà

ξ̄(t) =
1

t

t∫
0

ξ(τ) dτ. (3)

ßêùî ââàæàòè ñïîñòåðåæåíi ôëóêòóàöi¨ âåëè÷è-
íè ξ(t) ïðîÿâîì àâòîõâèëü [17], òî òîäi òåìïåðàòó-
ðó T = 358 K ïîòðiáíî ðîçãëÿäàòè ÿê òåìïåðàòóðó T0

äåÿêîãî ôàçîâîãî ïåðåõîäó. Äiàãðàìà, çîáðàæåíà íà
ðèñ. 3, íå ïåðåäáà÷à¹ íàÿâíîñòi òàêîãî ïåðåõîäó, íà
âiäìiíó âiä äiàãðàìè, çîáðàæåíî¨ íà ðèñ. 4, çãiäíî ç
ÿêîþ, ïiäâèùóþ÷è òåìïåðàòóðó, òîáòî ðóõàþ÷èñü âiä-
ïîâiäíî äî ïðîâåäåíîãî åêñïåðèìåíòó óçäîâæ ïðÿìî¨
QQ1, ìè ìà¹ìî �çóñòðiòè� òî÷êó ôàçîâîãî ïåðåõîäó Q1

� ïåðåõîäó iç çîëü-ôàçè â ãåëü-ôàçó. Îòæå, ðåçóëüòà-
òè ïðîâåäåíîãî åêñïåðèìåíòó ïiäòâåðäæóþòü ðåàëü-
íiñòü ôàçîâî¨ äiàãðàìè, çîáðàæåíî¨ íà ðèñ. 4.

III. ÌÅÇÎÔÀÇÀ ÍÈÇÜÊÎÌÎËÅÊÓËßÐÍÈÕ
ÐÎÇ×ÈÍIÂ

Iäåòüñÿ ïðî êëàñòåðè, ÿêi óòâîðþþòüñÿ â äiëÿíöi,
îáìåæåíié ëiíi¹þ A2B2E2 (ðèñ. 3). Äàíi, íàâåäåíi íà
ðèñ. 2, âiäïîâiäàþòü ñàìå öié äiëÿíöi. Îñêiëüêè âîíà
íå ïåðåòèíà¹òüñÿ ç äiëÿíêîþ EBME (ðèñ. 3), ñïîñòå-
ðåæíi êëàñòåðè íå ìîæóòü ìàòè êðèñòàëi÷íî¨ ñòðó-
êòóðè.
Ðîç÷èíàì, ÿê ïåâíîìó òèïó ôiçè÷íèõ ñèñòåì, ìà-

þòü áóòè ïðèòàìàííi ñïiëüíi ðèñè, íåçàëåæíî âiä òî-
ãî, ¹ ðîç÷èí íèçüêîìîëåêóëÿðíèì ÷è âèñîêîìîëåêó-
ëÿðíèì. Íà ïiäñòàâi öi¹¨ òåçè é ïàì'ÿòàþ÷è, ùî êëà-
ñòåðè âèñîêîìîëåêóëÿðíèõ ðîç÷èíiâ ìàþòü ñòðóêòó-
ðó ìåçîôàçè, óâàæàòèìåìî, ùî àíàëîãi÷íà ìåçîôà-
çà óòâîðþ¹ ñòðóêòóðó êëàñòåðiâ íèçüêîìîëåêóëÿðíèõ
ðîç÷èíiâ, òîáòî, ùî ôàçîâèé ñòàí îñòàííiõ îïèñó¹ ôà-
çîâà äiàãðàìà, çîáðàæåíà íà ðèñ. 4.
Âèçíà÷àëüíîþ ðèñîþ ìåçîôàçè âèñîêîìîëåêóëÿð-

íîãî ðîç÷èíó, ÿê çãàäóâàëîñü, ¹ íàÿâíiñòü êàðêàñà,
óòâîðåíîãî ïîëiìåðíèìè ìîëåêóëàìè-ëàíöþãàìè. Çà
àíàëîãi¹þ ââàæàòèìåìî, ùî â ìåçîôàçi íèçüêîìîëå-
êóëÿðíèõ ðîç÷èíiâ òàêîæ ¹ êàðêàñ, óòâîðåíèé ÷àñòèí-
êàìè ðîç÷èíåíî¨ ðå÷îâèíè ç íèçüêîþ ìîëåêóëÿðíîþ
ìàñîþ.
Ñòðóêòóðà öüîãî êàðêàñà ìà¹ óçãîäæóâàòèñü iç òà-

êèìè ôàêòàìè:
1) êàðêàñ ìóñèòü îõîïëþâàòè âåñü îá'¹ì êëàñòåðà

(çà âèçíà÷åííÿì);
2) êëàñòåðè óòâîðþþòüñÿ â ðîçáàâëåíèõ ðîç÷èíàõ

(çãiäíî ç ðèñ. 4);
3) êëàñòåðè â öèõ ðîç÷èíàõ çàéìàþòü çíà÷íó ÷à-

ñòèíó îá'¹ìó.
Îöiíêó öi¹¨ ÷àñòèíè, à âîäíî÷àñ i âiäïîâiäü íà ïè-

òàííÿ, çà ÿêèõ êîíöåíòðàöié òàêà îöiíêà äîñÿãà¹òüñÿ,
îäåðæèìî, àíàëiçóþ÷è ôóíêöiþ J(d), çîáðàæåíó íà
ðèñ. 2. Ïîçíà÷èìî ÷åðåç Q1 i Q2 ïëîùi ïiä ìàêñèìó-
ìàìè, ùî âiäïîâiäàþòü äðiáíîìàñøòàáíèì ÷àñòèíêàì
òà êëàñòåðàì. ßê óæå çãàäóâàëîñü, J(d) � ðîçïîäië
ðîçìiðiâ ÷àñòèíîê, à îòæå, ν = Q2/(Q1 + Q2) � âiä-
íîñíà êiëüêiñòü êëàñòåðiâ ó ðîç÷èíi. Çãiäíî ç ðèñ. 2,
ν ≈ 0.96 äëÿ âîäíîãî ðîç÷èíó ãëþêîçè ç êîíöåíòðàöi-
¹þ 50 ã/ë.
Çãiäíî ç ïåðåëi÷åíèìè ôàêòàìè, îá'¹ì, ÿêèé çàéìà-

þòü ÷àñòèíêè ðîç÷èíåíî¨ ðå÷îâèíè â êëàñòåði, ìà¹
áóòè ñóòò¹âî ìåíøèì çà îá'¹ì êëàñòåðà. Ñàìå òàêà
ïîðiâíÿíî íåâåëèêà êiëüêiñòü ÷àñòèíîê ìà¹ óòâîðèòè
êàðêàñ êëàñòåðà, òîáòî âêàçàíi ÷àñòèíêè, ç'¹äíóþ÷èñü
îäíà ç îäíîþ, ìàþòü îõîïèòè âåñü îá'¹ì êëàñòåðà. Öÿ
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ìåòà ìîæå áóòè äîñÿãíóòà, iìîâiðíiøå, ëèøå çà óìî-
âè, ùî çãàäàíi ÷àñòèíêè óòâîðÿòü ëàíöþãè i êàðêàñ ¹
ñiòêîþ òàêèõ ëàíöþãiâ. Îòæå, êëàñòåð � öå êàðêàñ,
ó ïðîìiæêàõ ìiæ ëàíöþãàìè ÿêîãî ðîçòàøîâó¹òüñÿ
ðîç÷èííèê (ðèñ. 7). Îòî÷åííÿ êëàñòåðà çà àíàëîãi¹þ
ç âèñîêîìîëåêóëÿðíèì ðîç÷èíîì íàçèâàòèìåìî çîëü-
ôàçîþ.

Ðèñ. 7. Ñõåìà áóäîâè íèçüêîìîëåêóëÿðíîãî ðîç÷èíó: 1 �
÷àñòèíêà ðîç÷èíåíî¨ ðå÷îâèíè, 2 � ðîç÷èííèê, 3 � êëà-

ñòåð, 4 � êàðêàñ

Fig. 7. Schematic structure of a low-weight molecular soluti-
on: particle of the dissolved substance (1), solvent (2),

cluster (3), and framework (4)

Ðèñ. 8. Ðîçòàøóâàííÿ ÷àñòèíîê ó ëàíöþãó êàðêàñà íèçü-
êîìîëåêóëÿðíî¨ ðå÷îâèíè

Fig. 8. Arrangement of particles in the framework chain of a
low-weight molecular substance

Ó ïîïåðå÷íîìó ïåðåðiçi âêàçàíèõ ëàíöþãiâ ìîæóòü
áóòè ðîçòàøîâàíi îäíà (ðèñ. 8,a) àáî äåêiëüêà ÷àñòè-
íîê (ðèñ. 8,c). Ïåðøèé âàðiàíò ðåàëiçó¹òüñÿ, íàïðè-
êëàä, êîëè â ðîëi ÷àñòèíêè âèñòóïà¹ ìîëåêóëà ãëþ-
êîçè. Ó öüîìó ðàçi ïëîùèíè ãëþêîçíèõ êiëåöü ðîçòà-
øîâóþòüñÿ ïàðàëåëüíî îäíà äî îäíî¨ (ðèñ. 8,b).

IV. ÌÎÄÅËÜ IÄÅÀËÜÍÎ� ÌÅÇÎÔÀÇÈ

Óâåäåìî â ðîçãëÿä ïîíÿòòÿ �iäåàëüíà ìåçîôàçà�,
ïðèïèñàâøè ¨¨ êàðêàñó ôîðìó êóái÷íî¨  ðàòêè, ó
ÿêié ðåáðàìè åëåìåíòàðíî¨ êîìiðêè ñëóãóþòü ëàíöþ-
ãè (ðèñ. 9). Ó ðåàëüíîñòi (äèâ. ðèñ. 1,7) ëàíöþãè êàð-

êàñà ìîæóòü ïðèéìàòè äîâiëüíi êîíôi óðàöi¨. Ëàíöþ-
ãè æ iäåàëüíî¨ ìîäåëi â ñòàíi ðiâíîâàãè ìàþòü îäíó �
ïðÿìîëiíiéíó êîíôi óðàöiþ, çîáðàæåíó íà ðèñ. 8,a.

Ðèñ. 9. Êàðêàñ iäåàëüíî¨ ìåçîôàçè

Fig. 9. Framework of an ideal mesophase

×àñòèíêàìè, ç ÿêèõ ñêëàäà¹òüñÿ ëàíöþã iäåàëüíî¨
ìåçîôàçè, ¹ àáî ëàíêè ïîëiìåðíîãî ëàíöþãà (ó âèñî-
êîìîëåêóëÿðíîìó ëàíöþçi), àáî ÷àñòèíêè ðîç÷èíåíî¨
ðå÷îâèíè (ó íèçüêîìîëåêóëÿðíîìó ðîç÷èíi). ßêùî a
� ðîçìið ÷àñòèíêè, à m � êiëüêiñòü ÷àñòèíîê ó ëàí-
öþçi, òî äîâæèíà ëàíöþãà

ℓ = ma. (4)

Íåõàé Vch = a2ℓ � îá'¹ì ïîëiìåðíîãî ëàíöþãà, à
W � îá'¹ì, ÿêèé çàéìà¹ ðîç÷èíåíà ðå÷îâèíà â åëå-
ìåíòàðíié êîìiðöi ç ðåáðîì ℓ. Êiëüêiñòü ëàíöþãiâ ó
êîìiðöi ¹

Nch = W/Vch. (5)

Îá'¹ì êîìiðêè äîðiâíþ¹ ℓ3, îòæå âiäíîñíèé îá'¹ì ϕ,
çàéíÿòèé ðîç÷èíåíîþ ðå÷îâèíîþ, âèçíà÷à¹ìî ôîðìó-
ëîþ

ϕ = W/ℓ3. (6)

Äëÿ êiëüêîñòi ëàíöþãiâ n â îäèíèöi îá'¹ìó ìà¹ìî ðiâ-
íiñòü

n = Nch/ℓ
3, (7)

ÿêó ç óðàõóâàííÿì ôîðìóë (4)�(6) ìîæíà ïåðåïèñàòè
ó âèãëÿäi

n = ϕ/Vch = ϕ/(ma3). (8)

V. ÒÅÐÌÎÄÈÍÀÌI×ÍI ÎÑÎÁËÈÂÎÑÒI
ÌÅÇÎÔÀÇÈ

Â iäåàëüíié ìîäåëi, çîáðàæåíié íà ðèñ. 9, ðåàëiçó¹-
òüñÿ òiëüêè îäíà ðiâíîâàæíà êîíôi óðàöiÿ ëàíöþãiâ.
Âiäïîâiäíî â òàêîìó íàáëèæåííi âiëüíà åíåð iÿ çìi-
øóâàííÿ, ÿêà ïîâ'ÿçàíà ç ïîñòóïàëüíèì ðóõîì ÷àñòè-
íîê ðîç÷èíåíî¨ ðå÷îâèíè, äîðiâíþ¹ íóëåâi. Äëÿ óòâî-
ðåííÿ ìåçîôàçè öÿ âòðàòà ìà¹ áóòè ñêîìïåíñîâàíà
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çìåíøåííÿì åíåð i¨ òà çìiíàìè âiëüíî¨ êîëèâàëüíî¨
åíåð i¨.
ßê âiäîìî [13], âiëüíà êîëèâàëüíà åíåð iÿ F -

ñèñòåìè, ùî ñêëàäà¹òüñÿ ç N çâ'ÿçàíèõ ÷àñòèíîê, âè-
çíà÷à¹òüñÿ ôîðìóëîþ

F = kBT

3N∑
j=1

ln
(
2 sh

ℏωj

2kBT

)
, (9)

äå kB � ñòàëà Áîëüöìàíà, ℏ � ñòàëà Ïëàíêà, ωj �
j-òà âëàñíà ÷àñòîòà êîëèâàíü ñèñòåìè.
Ââàæàòèìåìî, ùî äëÿ êîëèâàíü, ÿêi ðîçãëÿäàòèìó-

òüñÿ, âèêîíó¹òüñÿ óìîâà

ℏωj

2kBT
≪ 1, (10)

ùî äà¹ çìîãó ïåðåïèñàòè ôîðìóëó (9) ó âèãëÿäi

F = kBT

3N∑
j=1

ln
ℏωj

kBT
. (11)

Ðîçãëÿíüìî, ÿê çìiíþ¹òüñÿ õàðàêòåð òåïëîâèõ êî-
ëèâàíü ïiä ÷àñ óòâîðåííÿ ìåçîôàçè. Ìåçîôàçà ç êàð-
êàñîì, çîáðàæåíèì íà ðèñ. 9, õàðàêòåðèçó¹òüñÿ ïðî-
ñòîðîâèìè ìàñøòàáàìè ℓ òà a. Çà âèáîðó ìàñøòàáó ℓ
ìåçîôàçó ìîæíà ðîçãëÿäàòè ÿê êîíòèíóóì. Ïîçíà÷è-
ìî éîãî ëiòåðîþ M. Êîíòèíóàëüíó ìîäåëü çîëü-ôàçè
ïîçíà÷èìî ëiòåðîþ S. Âiäîìî, ùî â S-êîíòèíóóìi (ÿê i
â áóäü-ÿêié ðiäèíi) ìîæóòü ïîøèðþâàòèñÿ òiëüêè ïî-
çäîâæíi õâèëi. ßê óæå çãàäóâàëîñü, ìåçîôàçà óòâîðþ-
¹òüñÿ â ðîçáàâëåíèõ ðîç÷èíàõ. Íåâåëèêà êîíöåíòðà-
öiÿ ðîç÷èíåíî¨ ðå÷îâèíè ñóòò¹âî íå çìiíþ¹ ïîðiâíÿ-
íî ç S-êîíòèíóóìîì îá'¹ìíîãî ìîäóëÿ ïðóæíîñòi Ì-
êîíòèíóóìà. Âiäïîâiäíî ñóòò¹âî íå âiäðiçíÿòèìóòüñÿ
é õàðàêòåðèñòèêè ïîçäîâæíiõ õâèëü â îáîõ êîíòèíó-
óìàõ.
Íàÿâíiñòü êàðêàñà â ìåçîôàçi ïðèâîäèòü äî òîãî,

ùî M-êîíòèíóóì íå ¹ âæå ðiäèíîþ (ó ðåîëîãi÷íî-
ìó ðîçóìiííi öüîãî ñëîâà) � éîãî çñóâíèé ìîäóëü
ïðóæíîñòi âiäðiçíÿ¹òüñÿ âiä íóëÿ. Âiäïîâiäíî â M-
êîíòèíóóìi (íà âiäìiíó âiä S-êîíòèíóóìà) ìàþòü áóòè
òåïëîâi êîëèâàííÿ, ùî ïîøèðþþòüñÿ ó âèãëÿäi ïîïå-
ðå÷íèõ õâèëü. Î÷åâèäíî, ùî éäåòüñÿ ïðî âåëèêîìàñ-
øòàáíi êîëèâàííÿ � çà âèáîðó ðîçìiðó ℓ ÿê ìàñøòàáó
äëÿ íàéìåíøî¨ äîâæèíè λ0 âiäïîâiäíèõ õâèëü ìà¹ìî
îöiíêó

λ0 ≈ 2ℓ. (12)

Çà âèáîðó ìàñøòàáó a ñïðàâó ìà¹ìî âæå iç ñóêóïíi-
ñòþ ëàíöþãiâ, îòî÷åíèõ ðiäèíîþ. Ðiäèíó âèêëþ÷èìî
ç ðîçãëÿäó, âèêîðèñòîâóþ÷è ïîíÿòòÿ ïðè¹äíàíî¨ ìà-
ñè [20] i âiäïîâiäíî ïðèïèñóþ÷è ãóñòèíi ëàíöþãiâ çíà-
÷åííÿ, ïiäâèùåíå ïîðiâíÿíî ç äiéñíèì.
ßê âèäíî ç ðèñ. 9, êîëèâàííÿ, ùî âiäáóâàþòüñÿ â

ëàíöþãàõ, ïîâèííi ìàòè çíà÷íå âiäáèâàííÿ âiä âóçëiâ
 ðàòêè. Íåõòóþ÷è ïðîõîäæåííÿì öèõ êîëèâàíü êðiçü
âóçëè, ââàæàòèìåìî, ùî êîëèâàííÿ ëîêàëiçîâàíi â ìå-
æàõ ëàíöþãiâ. Çà âèçíà÷åííÿì, ó ëàíöþçi ìîæóòü ïî-
øèðþâàòèñÿ ïîçäîâæíÿ òà äâi âèãèííi õâèëi. ×àñòîòè

ïîçäîâæíiõ êîëèâàíü ñóòò¹âî ìåíøi çà ÷àñòîòè âèãèí-
íèõ, òîìó âíåñîê îñòàííiõ ó âiëüíó êîëèâàëüíó åíåð-
 iþ íàáàãàòî âàãîìiøèé, ÿê öå âèäíî ç ôîðìóëè (11).
Ðîçðàõóéìî öåé âíåñîê.
Äèñïåðñiéíå ñïiââiäíîøåííÿ äëÿ âèãèííèõ êîëè-

âàíü ìà¹ âèãëÿä [21]

ωj = βq2j , (13)

äå qj � õâèëüîâå ÷èñëî j-ãî êîëèâàííÿ, ùî çàïèñó¹ìî
ÿê ðiâíiñòü

qj = πj/ℓ, (14)

à β âèçíà÷à¹ìî âèðàçîì

β =
√
α/ρ, (15)

äå α � âèãèííà æîðñòêiñòü êàðêàñà, ρ � éîãî ãóñòèíà.
Ïiäñòàâëÿþ÷è ñïiââiäíîøåííÿ (13) ó ôîðìóëó (11) i

çâàæàþ÷è íà äâi âèãèííi õâèëi, îòðèìó¹ìî äëÿ âiëüíî¨
êîëèâàëüíî¨ åíåð i¨ ëàíöþãà ôîðìóëó

F = 2kBT

m∑
j=1

ηj , ηj = ln
ℏβq2j
kBT

. (16)

Âî÷åâèäü, ó ôîðìóëi (16) ìîæíà ïåðåéòè âiä ïiäñóìî-
âóâàííÿ äî iíòå ðóâàííÿ çà óìîâè

| ηj − ηj±1| ≪ | ηj |, (17)

òîáòî

F = 2kBT

m∫
1

ln
ℏβq(j)2

kBT
dj, (18)

äå q(j) � ôóíêöiÿ, ùî ¹ ëiâîþ ÷àñòèíîþ ðiâíîñòi (14).
Âèêîíóþ÷è â iíòå ðàëi (18) çàìiíó çìiííèõ çãiäíî ç
(14), îäåðæèìî

F =
2ℓ

π
kBT

π/a∫
π/ℓ

ln
ℏβq2

kBT
dq. (19)

Ðåçóëüòàòîì iíòå ðóâàííÿ â (19) çà óìîâè m ≫ 1 áóäå
âèðàç

F = 2mkBT ln
ℏβπ2

kBTa2
. (20)

Âiäïîâiäíî äëÿ ïèòîìî¨ âiëüíî¨ êîëèâàëüíî¨ åíåð i¨ f
ìà¹ìî

f = nF/ρ. (21)

Ïiäñòàâëÿþ÷è (8), (20) ó ôîðìóëó (21), îòðèìó¹ìî

f =
2ϕkBT

ρ a3
ln

ℏβπ2

kBTa2
. (22)

Îöiíèìî âåëè÷èíó f çà òåìïåðàòóðè T = 300K äëÿ
ïîëiìåðíî¨ ìåçîôàçè � ãåëÿ. Çäàòíiñòü ãåëÿ ïðîòèäi-
ÿòè çñóâíèì ïðóæíèì äåôîðìàöiÿì, ÿêà ïiäòâåðäæó-
¹òüñÿ ïîøèðåííÿì ó ãåëi ïîïåðå÷íèõ õâèëü, çàâäÿ÷ó¹
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ñâî¨ì iñíóâàííÿì îïîðó, ÿêèé çäiéñíþþòü ëàíöþãè
¨õíüîìó âèãèíîâi. Iíàêøå êàæó÷è, ìiæ âåëè÷èíàìè G
òà α ìà¹ áóòè çâ'ÿçîê. Çâàæàþ÷è íà ¨õíþ ðîçìiðíiñòü,
ìà¹ìî íàáëèæåíå ñïiââiäíîøåííÿ

α ≈ Ga2. (23)

Çàïîçè÷èâøè iç [22] îöiíêó G ≈ 104Ïà i ïðè-
éìàþ÷è a ≈ 5 · 10−10 ì, ρ ≈ 103 êã/ì3, äëÿ f ç (22)
îòðèìó¹ìî f ≈ − 6 · 102 ϕ êÄæ/êã. Îòæå, äëÿ ðîç-
áàâëåíèõ ðîç÷èíiâ, òîáòî çà ϕ ∼ 10−2, ìà¹ìî îöiíêó
|f | ∼ 10 êÄæ/êã. Âî÷åâèäü, òàêîþ ñàìîþ ìà¹ áóòè é
ïèòîìà òåïëîòà ïåðåõîäó. Öÿ îáñòàâèíà, ÿêùî êîðè-
ñòóâàòèñÿ òåðìiíîëîãi¹þ, ïðèéíÿòîþ ó [23], ¹ ïiäñòà-
âîþ äëÿ òîãî, ùîá âiäíåñòè çîëü-ãåëü- ïåðåõiä (òà é
óçàãàëi ïåðåõiä �çîëü�ìåçîôàçà�) äî ñëàáêèõ ôàçîâèõ
ïåðåõîäiâ ïåðøîãî ðîäó.

VI. ÂÈÑÍÎÂÊÈ

Ó äâîêîìïîíåíòíié ñèñòåìi �ðîç÷èííèê�ðîç÷èíåíà
ðå÷îâèíà� ìîæå áóòè ÷îòèðè ôàçè: ÷èñòèé ðîç÷èí-
íèê, ÷èñòà ðîç÷èíåíà ðå÷îâèíà òà äâi ôàçè, ó ÿêèõ
ìîæå ïåðåáóâàòè ðîç÷èí: çîëü-ôàçà òà ìåçîôàçà. Ó
çîëü-ôàçi ÷àñòèíêè (àáî ìîëåêóëè) ðîç÷èíåíî¨ ðå÷î-
âèíè âiäîêðåìëåíi îäíà âiä îäíî¨, ó ìåçîôàçi çãàäà-
íi ÷àñòèíêè (ìîëåêóëè), ç'¹äíóþ÷èñü îäíà ç îäíîþ,
óòâîðþþòü êàðêàñ. Ñòðóêòóðíîþ îäèíèöåþ êàðêàñà
¹ ëàíöþã. Äëÿ âèñîêîìîëåêóëÿðíèõ ðîç÷èíiâ òàêè-
ìè ñòðóêòóðíèìè îäèíèöÿìè ¹ ïîëiìåðíi ëàíöþãè. Ó

íèçüêîìîëåêóëÿðíèõ ðîç÷èíàõ ëàíöþã ¹ ëiíiéíîþ ïî-
ñëiäîâíiñòþ ç'¹äíàíèõ ìiæ ñîáîþ ÷àñòèíîê ðîç÷èíåíî¨
ðå÷îâèíè.
Íàÿâíiñòü êàðêàñà â ìåçîôàçi ñïðè÷èíÿ¹ ïîÿâó â

ìåçîôàçi íîâèõ, ïîðiâíÿíî iç çîëü-ôàçîþ, òèïiâ òåïëî-
âèõ êîëèâàíü: öå äðiáíîìàñøòàáíi âèãèííi êîëèâàííÿ
ëàíöþãiâ òà âåëèêîìàñøòàáíi êîëèâàííÿ, ùî ïîøè-
ðþþòüñÿ ó âèãëÿäi ïîïåðå÷íèõ õâèëü.
Ó âèñîêîìîëåêóëÿðíèõ ðîç÷èíàõ ìåçîôàçà ¹ ãåëåì.
Ìåçîôàçà � ïðîìiæíà ôàçà ìiæ çîëü-ôàçîþ òà ÷è-

ñòîþ ðîç÷èíåíîþ ðå÷îâèíîþ.
Ó ïåâíîìó iíòåðâàëi êîíöåíòðàöié òà òåìïåðàòóð

çîëü-ôàçà òà ìåçîôàçà ñïiâiñíóþòü. Ó öüîìó ðàçi ðîç-
÷èí ïåðåâàæíî ¹ çîëü-ôàçíîþ ìàòðèöåþ, ó ÿêié ðîç-
òàøîâàíi êëàñòåðè ìåçîôàçè.
Çà òàêî¨ óìîâè êëàñòåðèçàöiÿ (óòâîðåííÿ êëàñòåðiâ

ÿê ó âèñîêîìîëåêóëÿðíèõ, òàê i â íèçüêîìîëåêóëÿð-
íèõ ðîç÷èíàõ) ¹ ôàçîâèì ïåðåõîäîì ïåðøîãî ðîäó �
ïåðåõîäîì iç çîëü-ôàçè â ìåçîôàçó. Îñòàííié íàëå-
æèòü äî êàòåãîði¨ ñëàáêèõ ïåðåõîäiâ ïåðøîãî ðîäó.
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íiçìè ôiçè÷íèõ ïðîöåñiâ, ÿêi âèçíà÷àþòü çàñòîñó-
âàííÿ ãiäðîãåëiâ ó âiéñüêîâî-ìåäè÷íèõ òåõíîëîãiÿõ�
(� 0123U101955) òà �Ôàçîâi ïåðåõîäè òà êiíåòè÷íi
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CLUSTERIZATION IN SOLUTIONS AS A PROCESS OF MESOPHASE FORMATION

Yu. F. Zabashta, V. I. Kovalchuk, O. S. Svechnikova, M. M. Lazarenko, O. M. Alekseev,

A. V. Brytan, L. Yu. Vergun, L. A. Bulavin
Taras Shevchenko National University of Kyiv,

64/13, Volodymyrs'ka St., Kyiv, UA�01601, Ukraine

The article examines the mechanism responsible for cluster formation in polymer solutions, a
phenomenon observed in both high- and low-molecular solutions. In a two-component �solvent-solute�
system, four phases can exist: pure solvent, pure solute, and two phases for the solution (sol phase and
mesophase) In the sol phase, the particles (or molecules) of the solute are separated from each other,
while in the mesophase, these particles (molecules) combine to form a framework. The chain serves as the
structural unit of this framework. In high molecular weight solutions, the structural units are polymer
chains. In low molecular weight solutions, a chain represents a linear sequence of solute particles connected
to each other.

A phase diagram is proposed for high molecular weight solutions, wherein the gel acts as a mesophase.
The mesophase is an intermediate phase between the sol phase and the pure solute phase. In a speci�c
range of concentrations and temperatures, the sol phase and mesophase coexist, resulting in a sol-phase
matrix containing clusters of the mesophase. It is generally accepted that the aforementioned phase
diagram is also applicable to low molecular weight solutions.

Accordingly, the formation of clusters in solutions, known as clustering, is regarded as a �rst-order
phase transition accompanied by the emergence of a mesophase. The existence of this transition was
experimentally veri�ed through light scattering by an aqueous solution of hydroxypropyl methylcellulose.

A model of an ideal mesophase is proposed, characterized by the presence of two types of thermal osci-
llations in its framework. These are small-scale bending oscillations of chains and large-scale oscillations
that propagate in the form of transverse waves.

Based on the principles of statistical physics and elasticity theory, a formula for the free vibrational
energy f is derived for the proposed model. Numerical evaluation of f leads to the conclusion that
clustering (the formation of clusters in both high and low molecular weight solutions) is a �rst-order
phase transition, i.e., a transition from the sol phase to the mesophase. This type of phase transition falls
into the category of weak �rst-order phase transitions.

Key words: polymer solution, clustering, mesophase, �rst-order phase transition.
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