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ÓÄÊ 535.2 �ÀÑÏ�ÅÄÅËÅÍÈÅ ×ÈÑËÀÔÎÒÎÍÎÂ ÔËÓÎ�ÅÑÖÅÍÖÈÈÌÎËÅÊÓËß�ÍÛÕ ÊÎÌÏËÅÊÑÎÂÀ.Ë. ÙóêèíàÀííîòàöèÿ�àññìàòðèâàåòñÿ �ëóîðåñöåíöèÿ íåñêîëüêèõ íåâçàèìîäåéñòâóþùèõ ìîëåêóë. Ïðåä-ïîëàãàåòñÿ, ÷òî îíè âîçáóæäàþòñÿ íåïðåðûâíûì ëàçåðíûì èçëó÷åíèåì. Òðåõóðîâíå-âàÿ ìîäåëü ìîëåêóë, îïèñûâàþùàÿ ìåðöàþùóþ �ëóîðåñöåíöèþ, ðàññìàòðèâàåòñÿ íàðÿäóñ äâóõóðîâíåâîé ìîäåëüþ. Âûâîäÿòñÿ òåîðåòè÷åñêèå �îðìóëû äëÿ ðàñïðåäåëåíèÿ ÷èñëà�îòîíîâ ìîëåêóëÿðíîãî êîìïëåêñà ñ ïîìîùüþ ðàíåå âûâåäåííûõ �îðìóë äëÿ ðàñïðåäå-ëåíèÿ �îòîíîâ îäèíî÷íîé ìîëåêóëû.Êëþ÷åâûå ñëîâà: îäèíî÷íûå ìîëåêóëû, ðàñïðåäåëåíèå ÷èñëà �îòîíîâ �ëóîðåñöåí-öèè. ÂâåäåíèåÂ ïîñëåäíèå ãîäû áûëè ðàçðàáîòàíû íîâûå ìåòîäû ìîëåêóëÿðíîé ñïåêòðîñêî-ïèè. Ýòè ìåòîäû ïîçâîëÿþò ðåãèñòðèðîâàòü �ëóîðåñöåíöèþ îäèíî÷íûõ ìîëåêóë.Èññëåäóåìûå ìîëåêóëû âñòðàèâàþòñÿ â òâåðäóþ ìàòðèöó â êà÷åñòâå ïðèìåñíûõ èîáëó÷àþòñÿ íåïðåðûâíî ëàçåðîì. Ïîä äåéñòâèåì ëàçåðíîãî ñâåòà îíè ïåðåõîäÿò ââîçáóæäåííîå ñîñòîÿíèå, à çàòåì �ëóîðåñöèðóþò. Èõ ìîæíî óäàëèòü äðóã îò äðóãàíà òàêîå ðàññòîÿíèå, ÷òîáû íàáëþäàòü �ëóîðåñöåíöèþ èíäèâèäóàëüíîé ìîëåêóëû.Òàê êàê ïîãëîùåíèå è èñïóñêàíèå �îòîíà ìîëåêóëîé ïðîèñõîäÿò â ñëó÷àéíûåìîìåíòû âðåìåíè, òàêàÿ �ëóîðåñöåíöèÿ �ëóêòóèðóåò [1℄. Ýòè �ëóêòóàöèè, íà-áëþäàåìûå â ýêñïåðèìåíòå, çàòåì ïîäâåðãàþò ñòàòèñòè÷åñêîé îáðàáîòêå. Îäèíèç ñïîñîáîâ òàêîé îáðàáîòêè � ðàñ÷åò âåðîÿòíîñòè îáíàðóæèòü N èñïóùåííûõìîëåêóëîé �îòîíîâ �ëóîðåñöåíöèè çà âðåìÿ T , òî åñòü ðàñ÷åò �óíêöèè ðàñïðå-äåëåíèÿ ÷èñëà �îòîíîâ. Çäåñü áóäåò îáñóæäàòüñÿ âèä ýòîãî ðàñïðåäåëåíèÿ äëÿîäèíî÷íûõ ìîëåêóë ðàçëè÷íîãî òèïà (îïèñûâàåìûõ äâóõ- è òðåõóðîâíåâûìè ìî-äåëÿìè, ñì. íèæå) è äëÿ ìîëåêóëÿðíûõ êëàñòåðîâ ðàçëè÷íîãî òèïà.1. �àñïðåäåëåíèå ÷èñëà �îòîíîâ�ëóîðåñöåíöèè îäèíî÷íûõ ìîëåêóëÊàê áûëî ïîêàçàíî â ðàáîòå [2℄, ÷òîáû ïîñòðîèòü ðàñïðåäåëåíèå ÷èñëà �îòîíîâ
wN (T ) , äîñòàòî÷íî çíàòü åäèíñòâåííóþ �óíêöèþ, îïèñûâàþùóþ �ëóîðåñöåíöèþèíòåðåñóþùåé íàñ ìîëåêóëû, � êîððåëÿòîð ñòàðò-ñòîï s(T ) :

wN (T ) =
1
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∫
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, N > 1. (1)Çäåñü s(λ) � ëàïëàñîâñêèé îáðàç êîððåêòîðà. Ôèçè÷åñêèé ñìûñë �óíêöèè s(T ) òà-êîâ: îíà ÿâëÿåòñÿ ïëîòíîñòüþ âåðîÿòíîñòè îáíàðóæåíèÿ �îòîíà ÷åðåç âðåìåííîé



194 À.Ë. ÙÓÊÈÍÀ
�èñ. 1. Òðåõóðîâíåâàÿ ýíåðãåòè÷åñêàÿ ñõåìà ìîëåêóëû ñ òðèïëåòíûì óðîâíåìèíòåðâàë T ïîñëå èñïóñêàíèÿ ïðåäûäóùåãî. Êîíêðåòíûé âèä êîððåëÿòîðà ñòàðò-ñòîï îïðåäåëÿåòñÿ ìèêðîñêîïè÷åñêîé ìîäåëüþ, îïèñûâàþùåé �ëóîðåñöèðóþùóþìîëåêóëó. Ñîãëàñíî [1℄ êîððåëÿòîð s(T ) ïðîïîðöèîíàëåí âåðîÿòíîñòè W1 îáíàðó-æåíèÿ ìîëåêóëû â ìîìåíò âðåìåíè T â âîçáóæäåííîì ñîñòîÿíèè, åñëè â íóëåâîéìîìåíò âðåìåíè îíà íàõîäèëàñü â îñíîâíîì è íå èñïóñòèëà çà âðåìÿ T íè îäíîãî�îòîíà. Âåðîÿòíîñòü W1 ìîæíî íàéòè, ïîëüçóÿñü áàëàíñíûìè óðàâíåíèÿìè äëÿâåðîÿòíîñòåé Wiðàçëè÷íûõ ñîñòîÿíèé ìîëåêóëû.Ìíîãèå îðãàíè÷åñêèå ìîëåêóëû îïèñûâàþòñÿ ýíåðãåòè÷åñêîé ñõåìîé, ïðåäñòàâ-ëåííîé íà ðèñ. 1. Çäåñü k , Γ , 1/T1 � ñêîðîñòè ñîîòâåòñòâåííî âûíóæäåííûõ, áå-çèçëó÷àòåëüíûõ è ñïîíòàííûõ ïåðåõîäîâ ìåæäó îñíîâíûì è âîçáóæäåííûì ñèí-ãëåòíûìè óðîâíÿìè. A è a � ñêîðîñòè ñèíãëåò-òðèïëåòíûõ ïåðåõîäîâ 1 → 2 è

2 → 0 . Ñêîðîñòü ïåðåõîäà 1 → 2 ìàëà ïî ñðàâíåíèþ ñ 1/T1 . Ñíà÷àëà ðàññìîòðèìïðîñòåéøèé ñëó÷àé, êîãäà ìîæíî ñ÷èòàòü A ðàâíûì íóëþ. Òîãäà ìû èìååì äåëîñ äâóõóðîâíåâîé ìîäåëüþ. Ìîëåêóëà ïåðåõîäèò ñ îñíîâíîãî óðîâíÿ 0 íà âîçáóæäåí-íûé 1 è îáðàòíî, ïîãëîùàÿ �îòîíû ëàçåðíîãî ñâåòà è ñïîíòàííî èñïóñêàÿ �îòîíû�ëóîðåñöåíöèè. Òî÷íûé ðàñ÷åò ðàñïðåäåëåíèÿ �îòîíîâ �ëóîðåñöåíöèè äëÿ òàêîéìîäåëè ïðèâîäèò ê ñëåäóþùåìó âûðàæåíèþ äëÿ âåðîÿòíîñòè wN (T ) îáíàðóæèòü
N �îòîíîâ çà âðåìÿ T (ñì. [3℄):

wN (T ) =
λ1 + λ2

1 − exp [−(λ1 + λ2)t]

∫

PN [(x − λ1)t] PN (xλ2) dx, (2)ãäå λ1 = k + 1/2T1 −
√

k2 + (1/2T1)2 , λ2 = k + 1/2T1 +
√

k2 + (1/2T1)2 , PN (x) �ðàñïðåäåëåíèå Ïóàññîíà PN (x) =
xN

N !
exp(−x) .�àñïðåäåëåíèå (2) îêàçûâàåòñÿ áëèçêî ïî �îðìå ê ïóàññîíîâñêîìó, íî âñå æåóæå åãî, òî åñòü ÿâëÿåòñÿ ñóáïóàññîíîâñêèì (ñì. ðèñ. 2).Äâà �îòîíà �ëóîðåñöåíöèè íå ìîãóò áûòü èñïóùåíû äðóã çà äðóãîì ñðàçó æå:îíè áóäóò ðàçäåëåíû âðåìåíåì, êîòîðîå òðåáóåòñÿ ìîëåêóëå äëÿ ïîâòîðíîãî âîç-áóæäåíèÿ. Íåâîçìîæíîñòü èñïóñêàíèÿ òàêèõ äâóõ �îòîíîâ, êîòîðûå ðàçäåëÿë áûâðåìåííîé èíòåðâàë, ñòðåìÿùèéñÿ ê íóëþ, ïîëó÷èëà íàçâàíèå àíòèãðóïïèðîâêè�îòîíîâ. Ñóáïóàññîíîâîñòü ðàñïðåäåëåíèÿ �îòîíîâ �ëóîðåñöåíöèè äâóõóðîâíåâîéìîëåêóëû îáóñëîâëåíà èìåííî àíòèãðóïïèðîâêîé �îòîíîâ. Åñëè ïðåäïîëîæèòü,÷òî �îòîíû �ëóîðåñöåíöèè ìîãóò èñïóñêàòüñÿ äðóã çà äðóãîì ÷åðåç ñêîëü óãîäíîìàëîå âðåìÿ, òî ðàññ÷èòàííîå ñ ó÷åòîì ýòîãî ïðåäïîëîæåíèÿ ðàñïðåäåëåíèå áóäåòòî÷íî ñîâïàäàòü ñ ïóàññîíîâñêèì.Òåïåðü ðàññìîòðèì òðåõóðîâíåâóþ ìîäåëü �ëóîðåñöèðóþùåé ìîëåêóëû, òî åñòüòàêóþ, ãäå A 6= 0 . Òîãäà âîçìîæåí ïåðåõîä ìîëåêóëû â òðèïëåòíîå ñîñòîÿíèå 2 (ñì.ðèñ. 1). Ïîñëå ýòîãî ïîãëîùåíèå ëàçåðíîãî ñâåòà è, ñëåäîâàòåëüíî, �ëóîðåñöåíöèÿ
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�èñ. 2. �àñïðåäåëåíèå �îòîíîâ, îïèñûâàåìîå �óíêöèåé 2, äëÿ èíòåðâàëà T = 10/k(ñïëîøíàÿ ëèíèÿ) è ðàñïðåäåëåíèå Ïóàññîíà ñ òåì æå ïîëîæåíèåì ìàêñèìóìà ïðè T =

= 10.6λ1/k (òî÷êè)

�èñ. 3. �àñïðåäåëåíèå �îòîíîâ �ëóîðåñöåíöèè îäíîé (ñïëîøíàÿ ëèíèÿ), äâóõ (ïóíêòèð-íàÿ ëèíèÿ) è òðåõ (òî÷êè) îäèíàêîâûõ òðåõóðîâíåâûõ ìîëåêóë. Ñêîðîñòè ïåðåõîäà ìåæäóóðîâíÿìè: k = 10
5 ; G = 10

7 ; T1 = 10
−8 ; a = 200 ; A = 3.7 · 10

5 −1ïðåêðàùàþòñÿ, à ïîñëå ñêà÷êà ìîëåêóëû â îñíîâíîå ñèíãëåòíîå ñîñòîÿíèå 0 âîññòà-íàâëèâàþòñÿ. Òàêàÿ �ëóîðåñöåíöèÿ èìååò ìåðöàþùèé õàðàêòåð, òî åñòü èíòåðâàëûñî ñâåòîì (on-èíòåðâàëû) ïåðåìåæàþòñÿ èíòåðâàëàìè áåç ñâåòà (o�-èíòåðâàëàìè).Â ðàáîòå [2℄ áûëî ïîëó÷åíî ñëåäóþùåå âûðàæåíèå äëÿ [sN (λ)]t äëÿ òðåõóðîâíåâîéìîäåëè:
[sN (λ)]t = λ1λ2

(

λ0

a

)N
{ t

∫

0

PN−1 [λ1(x − t)] PN−1(λ2x) dx +

+ λ0

N
∑

m=1

Cm

N

(

a − λ0

λ0

)m

×

×

t
∫

0

Pm−1 [λ0(t − x)]

x
∫

0

PN−1 [λ1(x − y)] PN−1(λ2y) dy dx

}

. (3)Ïîäñòàâëÿÿ �îðìóëó (3) â �îðìóëó (1), ìîæåì ïîëó÷èòü èíòåðåñóþùåå íàñ ðàñ-ïðåäåëåíèå ÷èñëà �îòîíîâ �ëóîðåñöåíöèè wN (T ) . Òèïè÷íûé âèä çàâèñèìîñòè äëÿòðåõóðîâíåâîé ìîëåêóëû ïðèâåäåí íà ðèñ. 3 (ñïëîøíàÿ ëèíèÿ).Ñðåäíèå äëèòåëüíîñòè �ëóêòóèðóþùèõ on- è o�-èíòåðâàëîâ �ëóîðåñöåíöèèïðè òàêèõ çíà÷åíèÿõ ïàðàìåòðîâ: τon = 3 · 10−3 ñ, τo� = 5 · 10−3 ñ. Âðåìåí-íîé èíòåðâàë íàáëþäåíèÿ ìîæåò ïî-ðàçíîìó ñîîòíîñèòüñÿ ñ on- è o�-èíòåðâàëàìè



196 À.Ë. ÙÓÊÈÍÀ�ëóîðåñöåíöèè. Ïðè äàííûõ ïàðàìåòðàõ âåëèêà âåðîÿòíîñòü òîãî, ÷òî âñå âðåìÿíàáëþäåíèÿ ïðèäåòñÿ íà o�-èíòåðâàë, ïîýòîìó �óíêöèÿ wN äîñòèãàåò áîëüøîãîçíà÷åíèÿ w0 = 0.515 â íóëå. Åñëè âñå âðåìÿ íàáëþäåíèÿ ïðèõîäèòñÿ íà îäèí on-èíòåðâàë, ðàñïðåäåëåíèå �îòîíîâ ñòàíîâèòñÿ ïîäîáíûì ðàñïðåäåëåíèþ äëÿ äâóõ-óðîâíåâîé ìîëåêóëû, îòñþäà ñóáïóàññîíîâñêèé ïèê ïðè N = 100 íà ðèñ. 3. Ïîëîãîåïëå÷î ñâåðõó îò ñóáïóàññîíîâñêîãî ïèêà ïîÿâëÿåòñÿ, òàê êàê âîçìîæíà ñèòóàöèÿ,êîãäà â èíòåðâàë íàáëþäåíèÿ ïîïàäàþò ÷àñòè÷íî on- è ÷àñòè÷íî o�-èíòåðâàëû.2. �àñïðåäåëåíèå ÷èñëà �îòîíîâ �ëóîðåñöåíöèèêîìïëåêñîâ íåñêîëüêèõ ìîëåêóëÏÿòíî âîçáóæäàþùåãî ëàçåðíîãî ñâåòà ìîæåò íàêðûòü íå îäíó, à äâå, òðè èáîëüøå ìîëåêóë (ìåçîñêîïè÷åñêóþ ñòðóêòóðó). Òîãäà â ñâåò �ëóîðåñöåíöèè áóäóòâíîñèòü âêëàä �îòîíû âñåõ ýòèõ ìîëåêóë.�àññìîòðèì, êàê áóäåò âûãëÿäåòü ðàñïðåäåëåíèå �îòîíîâ �ëóîðåñöåíöèèíåñêîëüêèõ ìîëåêóë, íå âçàèìîäåéñòâóþùèõ äðóã ñ äðóãîì.Ïóñòü íàì èçâåñòíû �óíêöèè w
(1)
N1

(T ) è w
(2)
N2

(T ) , îïèñûâàþùèå ðàñïðåäåëåíèåíà âðåìåííîì èíòåðâàëå T �îòîíîâ �ëóîðåñöåíöèè ìîëåêóë 1 è 2 ñîîòâåòñòâåííî.Ïîñêîëüêó ïðîöåññû èñïóñêàíèÿ �îòîíîâ ìîëåêóëàìè 1 è 2 íåçàâèñèìû, òî �óíê-öèÿ
W (N1, N2, T ) = w

(1)
N1

(T )w
(2)
N2

(T )ÿâëÿåòñÿ âåðîÿòíîñòüþ íàáëþäåíèÿ íà èíòåðâàëå T N1 �îòîíîâ, èñïóùåííûõïåðâîé ìîëåêóëîé, è N2 �îòîíîâ, èñïóùåííûõ âòîðîé ìîëåêóëîé. Åñëè èçìåðÿ-åòñÿ èíòåãðàëüíàÿ èíòåíñèâíîñòü âñåãî ñïåêòðà �ëóîðåñöåíöèè äâóõ ìîëåêóë, òîåñòü ïîäñ÷èòûâàþòñÿ âñå �îòîíû, èñïóùåííûå îáåèìè ìîëåêóëàìè, �óíêöèÿ ðàñ-ïðåäåëåíèÿ �îòîíîâ äâóõ ìîëåêóë íà âðåìåííîì èíòåðâàëå T áóäåò îïèñûâàòüñÿñëåäóþùåé �îðìóëîé:
W2(N |T ) =

N
∑

n=0

w
(1)
N−n

(T )w(2)
n

(T ).Ôîðìóëà äëÿ �óíêöèè ðàñïðåäåëåíèÿ �îòîíîâ íà èíòåðâàëå T , èñïóùåííûõ
M ìîëåêóëàìè, èìååò ñëåäóþùèé âèä:

WM (N |T ) =

N
∑

n1=0

w
(1)
N−n1

(T )

n1
∑

n2=0

w
(2)
n1−n2

(T ) ×

×

n2
∑

n3=0

w
(3)
n2−n3

(T ) · · ·

nM−2
∑

nM−1=0

w
(M−1)
nM−2−nM−12

(T )w(M)
nM−1

(T ).Íà ðèñ. 4 ïðåäñòàâëåíû ãðà�èêè ðàñïðåäåëåíèÿ ÷èñëà �îòîíîâ �ëóîðåñöåíöèèîäíîé, äâóõ, òðåõ è ÷åòûðåõ ìîëåêóë, ðåãèñòðèðóåìûõ âìåñòå.Ñðåäíåå ÷èñëî N(M) �îòîíîâ �ëóîðåñöåíöèè M èçëó÷àþùèõ ìîëåêóë ïðî-ïîðöèîíàëüíî ÷èñëó M ñàìèõ ìîëåêóë: N(M) ∼ M . Ñðåäíåå ÷èñëî �îòîíîâ ñî-îòâåòñòâóåò ïîëîæåíèþ ìàêñèìóìîâ �óíêöèé ðàñïðåäåëåíèÿ, ïðåäñòàâëåííûõ íàðèñ. 4. Øèðèíà ðàñïðåäåëåíèÿ òîæå íàðàñòàåò ïðîïîðöèîíàëüíî ÷èñëó ìîëåêóë.Îòêëîíåíèå îò ïóàññîíîâñêîãî ðàñïðåäåëåíèÿ âî �ëóîðåñöåíöèè ìíîãèõ ìîëåêóëñîõðàíÿåòñÿ. Ýòî ïîêàçûâàåò ðèñ. 5. Òàêèì îáðàçîì, ñóáïóàññîíîâñêàÿ ñòàòèñòèêà�ëóîðåñöåíöèè îäèíî÷íîé äâóõóðîâíåâîé ìîëåêóëû ïîðîæäàåò ñóáïóàññîíîâñêóþñòàòèñòèêó àíñàìáëÿ ìîëåêóë.
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�èñ. 4. �àñïðåäåëåíèå �îòîíîâ �ëóîðåñöåíöèè îäíîé, äâóõ, òðåõ è ÷åòûðåõ ìîëåêóë
�èñ. 5. �àñïðåäåëåíèå �îòîíîâ �ëóîðåñöåíöèè ÷åòûðåõ ìîëåêóë (ñïëîøíàÿ ëèíèÿ) èðàñïðåäåëåíèå Ïóàññîíà ñ òåì æå ñðåäíèì ÷èñëîì �îòîíîâ (òî÷êè)Òèïè÷íûé âèä çàâèñèìîñòè wN (T ) äëÿ òðåõóðîâíåâûõ ìîëåêóë ïðèâåäåí íàðèñ. 3. �àñïðåäåëåíèå �îòîíîâ âî �ëóîðåñöåíöèè äâóõ íåâçàèìîäåéñòâóþùèõ ìî-ëåêóë ïðåäñòàâëåíî íà ðèñ. 3 ïóíêòèðíîé ëèíèåé. Â ýòîì ðàñïðåäåëåíèè èìååòñÿóæå äâà ïèêà ñ ìàêñèìóìàìè ïðè N = 100 è N = 200 , ïðè÷åì âòîðîé ïèê ñó-ùåñòâåííî íèæå ïåðâîãî: W2(0|10−3c) = 0.265 . Òà æå òåíäåíöèÿ ñîõðàíÿåòñÿ è âî�ëóîðåñöåíöèè òðåõ íåâçàèìîäåéñòâóþùèõ ìîëåêóë, ðàñïðåäåëåíèå �îòîíîâ êîòî-ðîé ïðåäñòàâëåíî íà ðèñ. 3 òî÷êàìè. Òðåòèé ïèê ïðè N = 300 âûðàæåí âåñüìàñëàáî: W3(0|10−3c) = 0.137 . Â �óíêöèè ðàñïðåäåëåíèÿ �îòîíîâ �ëóîðåñöåíöèè÷åòûðåõ ìîëåêóë ïèê ïðè N = 400 ïðàêòè÷åñêè íå âèäåí.SummaryA.L. Shhukina. Fluoresene Photon Number Distribution for Moleular Complexes.The artile deals with the �uoresene of several noninterating moleules. It is supposedthat they are exited by CW laser radiation. The three-level model desribing blinking�uoresene of single moleules is onsidered along with the two-level one. Theoretial equationsfor the photon number distribution of a moleular omplex are derived from the earlier deduedequations for the photon distribution of a single moleule.Key words: single moleules, �uoresene photon number distribution.Ëèòåðàòóðà1. Îñàäüêî È.Ñ. Ñåëåêòèâíàÿ ñïåêòðîñêîïèÿ îäèíî÷íûõ ìîëåêóë. � Ì.: Ôèçìàòëèò,2000. � 320 ñ.
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