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Abstract.	Applications	of	photon	upconverting	nanoparticles	(UCNPs)	in	biological	imaging	and	
solar	 energy	 conversion	 demand	 that	 their	 anti-Stokes	 luminescence	 be	 both	 tunable	 and	
efficient.		Rational	design	of	more	efficient	UCNPs	requires	an	understanding	of	energy	transfer	
(ET)	between	their	lanthanide	dopants	–	dynamics	that	are	typically	characterized	by	measuring	
luminescence	 lifetimes.	 Existing	 knowledge,	 however,	 cannot	 explain	 basic	 observations	 in	
lifetime	 experiments	 such	 as	 their	 dependence	on	 excitation	 power,	 significantly	 limiting	 the	
generality	 and	 reliability	 of	 lifetime	measurements.	 Here,	 we	 elucidate	 the	 origins	 of	 the	 ET	
dynamics	 and	 luminescence	 lifetimes	 of	 Yb3+,Er3+-codoped	 NaYF4	 UCNPs	 using	 time-resolved	
luminescence	and	novel	applications	of	rate	equations	and	stochastic	simulations.	Experiments	
and	 calculations	 consistently	 show	 that,	 at	 high	 concentrations	 of	 Er3+,	 the	 luminescence	
lifetimes	of	UCNPs	decrease	as	much	as	6-fold	when	excitation	power	densities	are	 increased	
over	six	orders	of	magnitude.		Since	power-dependent	lifetimes	cannot	be	explained	by	intrinsic	
relaxation	rates	of	 individual	 transitions,	we	analyze	 lifetime	data	by	treating	each	UCNP	as	a	
complex	ET	network.	We	find	that	UCNP	ET	networks	exhibit	four	distinguishing	characteristics	
of	complex	systems:	collectivity,	nonlinear	feedback,	robustness,	and	history	dependence.	We	
conclude	 that	 power-dependent	 lifetimes	 are	 the	 consequence	 of	 thousands	 of	 minor	
relaxation	 pathways	 that	 act	 collectively	 to	 depopulate	 and	 repopulate	 Er3+	 emitting	 levels.	
These	 ET	 pathways	 are	 dependent	 on	 past	 excitation	 power	 because	 they	 originate	 from	
excited	 donors	 and	 excited	 acceptors;	 however,	 each	 transition	 has	 an	 unexpectedly	 small	
impact	on	lifetimes	due	to	negative	feedback	in	the	network.	This	robustness	is	determined	by	
systematically	“knocking	out,”	or	disabling,	ET	transitions	in	kinetic	models.	Our	classification	of	
UCNP	 ET	 networks	 as	 complex	 systems	 explains	 why	 UCNP	 luminescence	 lifetimes	 do	 not	
match	 the	 intrinsic	 lifetimes	 of	 emitting	 states.		 In	 the	 future,	 UCNP	 networks	 may	 be	
engineered	to	rival	the	complexity	of	biological	networks	that	pattern	features	with	unmatched	
precision.		
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Introduction	
 

Lanthanide	ions	in	optical	materials	such	as	NaYF4:Yb3+/Er3+	interact	through	a	network	
of	 energy	 transfer	 (ET)	 processes	 that	 can	 aggregate	 the	 energy	 of	 multiple	 photons	 into	 a	
single	photon	of	higher	energy.1-3	This	phenomenon,	known	as	photon	upconversion,	has	broad	
utility	because	it	enables	the	use	of	near-infrared	(NIR)	excitation	in	applications	that	otherwise	
require	 high-energy	 ultraviolet	 or	 visible	 excitation.	 NIR	 light	 scatters	 less	 than	 shorter	
wavelengths	 in	 heterogeneous	 media,	 excites	 no	 upconverted	 autofluorescence,	 and	
demonstrates	 little	 phototoxicity	 at	 the	 power	 densities	 required	 for	 upconversion.4-5	
Lanthanide-based	colloidal	upconverting	nanoparticles	(UCNPs)	do	not	measurably	photobleach	
even	under	prolonged	single-molecule	excitation4,	6	and	have	found	use	in	NIR	optogenetics,7-8	
photodynamic	 therapy,9	 cellular	 imaging,4	 super-resolution	 imaging,10-12	 and	 deep-tissue	
imaging.5,	11-13	 Recently,	 careful	 engineering	 of	 core-shell	UCNP	heterostructures	 has	 enabled	
them	to	be	imaged	at	NIR	laser	power	densities	nine	or	more	orders	of	magnitude	lower	than	
with	 two-photon	 fluorescence.13-14	 Beyond	 biological	 applications,	 UCNPs	 have	 spawned	
technologies	 in	 nanoscale	 thermometry15-16	 and	 viscometry,17	 anti-counterfeit	 labeling,18	
microscale	lasers,19-20	plasmonics,21	photonic	networks,22	and	photovoltaics.23	Expanding	UCNP	
applications	depends	 largely	on	 increasing	upconversion	efficiencies,	which	requires	a	deeper	
understanding	for	how	lanthanide	excited	states	dynamically	interact.			
	 At	a	 fundamental	 level,	UCNPs	are	 intriguing	materials	 for	understanding	ET	networks	
on	the	atomic	scale,	since	each	lanthanide	dopant	ion	acts	as	a	node	that	communicates	via	ET	
with	 the	multiple	 excited	 states	of	 ions	 in	 the	 same	nanoparticle	 (Figure	1).24-25	 These	multi-
level	 systems	 can	 upconvert	 the	 frequency	 of	 incident	 photons2	 through	 a	 series	 of	
photophysical	 transitions	 that	 include	 photon	 absorption,	 ET,	 and	 radiative	 decay.3	 Such	
nonlinear	 behavior	 is	 characteristic	 of	 complex	 ET	networks26	 used	 to	 facilitate	 efficient	 light	
harvesting	in	nature27	and	enable	optical	computation.28-30	However,	the	relationship	between	
the	topology	of	upconverting	ET	networks	and	their	photophysical	properties	has	been	difficult	
to	untangle,	limiting	the	ability	to	engineer	optimal	application-specific	UCNPs.		
	 Excited	 state	 dynamics	 are	 the	 critical	 defining	 feature	 of	 complex	 systems31	 such	 as	
UCNPs	 and	 are	 commonly	 probed	 with	 time-resolved	 photoluminescence	 (TRPL)	
measurements32-36	 to	 determine	 key	 properties	 such	 as	 energy	 transfer	 rates,	 radiative	
relaxation	rates,	and	quantum	efficiency.		The	lifetimes	of	TRPL	decays	are	used	for	applications	
in	multiplexed	lifetime	imaging,18	thermometry,37-38	and	binding	assays	based	on	ET.	Lifetimes	
are	also	used	to	rationalize	mechanisms	of	upconversion,36	particularly	those	that	enhance39-41	
or	 quench33-34,	 42	 UCNP	 luminescence.	 Recent	 reports,33,	 43	 however,	 suggest	 that	 the	 decay	
lifetimes	of	UCNP	luminescence	may	not	be	reliable	indicators	of	the	intrinsic	relaxation	rates	of	
lanthanide	 dopants.	 Indeed,	we	 recently	 observed	 that	 the	 luminescence	 lifetimes	 of	 UCNPs	
decrease	with	the	power	of	their	initial	excitation.41	The	origins	of	this	power	dependence	(and	
history	 dependence)	 are	 unclear,	 owing	 to	 the	 thousands	 of	 photophysical	 transitions	 that	
occur	simultaneously	in	excited	UCNPs.3,	25		

Understanding	the	mechanisms	that	give	rise	to	power	dependent	lifetimes	is	relevant	
to	 biological	 and	 photonic	 applications	 of	 upconversion	 because	 the	 powers	 used	 to	 excite	
UCNPs	extend	over	a	broad	range,44	 from	the	 low	powers	(10-1	W/cm2)	preferred	for	 imaging	
cells4	 and	 live	 animals45,13	 to	 the	 high	 powers	 (106	 W/cm2)	 for	 required	 for	 optogenetics,	
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stimulated	 emission	 depletion	 microscopy,10-12	 and	 imaging	 single	 nanoparticles.10,	 41,	 46	
Furthermore,	 systematic	 benchmarking	 of	 transition	 rates	 and	 mechanistic	 analyses	 is	
impossible	 if	 routine	 lifetime	 measurements	 are	 fraught	 with	 uncertainty	 about	 their	
underlying	meaning	and	reliability.	

Here,	we	elucidate	the	origins	of	the	power	dependent	luminescence	lifetimes	of	Yb3+,	
Er3+-codoped	 NaYF4	 UCNPs	 using	 time-resolved	 luminescence,	 deterministic	 rate	 equations,	
stochastic	simulations,	and	data	mining	of	the	rates	of	thousands	of	parallel	transitions.	We	find	
that	power-dependent	 lifetimes	cannot	be	explained	by	 intrinsic	relaxation	rates	of	 individual	
transitions,	 so	 we	 analyze	 lifetime	 data	 by	 treating	 each	 UCNP	 as	 a	 complex	 system.31	 This	
analysis	 reveals	 that	 UCNP	 emitting	 states	 are	 depopulated	 more	 rapidly	 with	 increasing	
excitation	power	due	to	ET	processes	(e.g.,	ET	upconversion	and	cross	relaxation)	in	which	both	

 
	
Figure 1. (a) Energy level diagram for the power-independent photoluminescence (PL) decay from an organic 
fluorophore or an isolated lanthanide ion. Observed lifetimes (τ) of the luminescence from the emitting level 
(green) are inversely proportional kout, the sum of the radiative (krad) and non-radiative (knr) rates of depopulation. 
(b) Power-dependent decay from a network of lanthanide ions in an upconverting nanoparticle (UCNP). Due to 
the network of energy transfer (ET) processes, τ is inversely proportional to the difference between the outflows 
(transitions in red shaded box) and the inflows (green box). (c) Schematic of an isolated lanthanide ion in a 
lattice (i.e., a single emitter), illustrating its possible relaxation pathways. (d) Schematic of a network of 
lanthanide ions in a UCNP. (e,f) Transmission electron micrographs of 8-nm core NaYF4: 40% Yb3+, 60% Er3+ 
nanoparticles (e) and core@shell nanoparticles coated with 4 nm NaYF4 (f).  

	



	 	 4	

the	donor	and	the	acceptor	are	in	excited	states,	which	are	heavily	populated	at	high	powers.	
Under	 these	 conditions,	 the	 decay	 rate	 (i.e.,	 the	 inverse	 lifetime)	 is	 not	 proportional	 to	 the	
aggregate	rate	of	these	depopulating	transitions	(e.g.,	Figure	1a),	as	is	commonly	assumed.47-48	
Since	the	ET	network	rapidly	repopulates	the	emitting	level	even	after	excitation	is	discontinued	
(Figure	1b),	the	inverse	lifetime	is	more	a	consequence	of	the	difference	between	the	rates	of	
population	and	depopulation,	which	varies	with	past	excitation	power.			

This	work	highlights	 that	ET	networks	 in	UCNPs	are	 complex	 systems31,	 49	 that	exhibit	
four	 distinguishing	 characteristics:	 collectivity,50	 nonlinear	 feedback,	 robustness,	 and	 history	
dependence.51	 At	 typical	 excitation	 powers	 for	 UCNPs	 (102-106	 W/cm2),	 the	 measured	
luminescence	 lifetime	 cannot	 be	 interpreted	 as	 the	 average	 time	 that	 an	 ion	 spends	 in	 an	
excited	state	before	it	relaxes	(as	in	Figure	1c).	Rather,	the	observed	lifetimes	are	the	result	of	
energy	dissipating	through	a	complex	system	of	photophysical	pathways	(Figure	1d)	in	which	no	
single	transition	determines	the	observed	lifetime.	Instead,	the	component	transitions	in	these	
complex	ET	networks	act	collectively	and	nonlinearly	to	depopulate	and	repopulate	the	emitting	
level.	Thus,	the	scientific	relevance	of	observed	luminescence	lifetimes	can	only	be	extracted	in	
context	with	historical	excitation	powers.	These	results	demonstrate	that	rigorous	modeling	of	
lanthanide	 ET	 networks	 as	 complex	 systems	 provides	 a	more	 accurate	 understanding	 of	 the	
transient	 dynamics	 of	 UCNPs	 and	 other	 complex	 ET	 networks.	 This	 understanding	 will	
accelerate	the	development	of	more	efficient	UCNPs	and	enable	the	precise	engineering	of	ET	
networks	that	rival	the	complexity	of	biological	networks,	which	are	known	to	pattern	features	
with	nanoscale	precision.		
	
Methods	
	

Materials.	Sodium	trifluoroacetate	(NaTFA),	sodium	oleate,	ammonium	fluoride	(NH4F),	
lanthanide	chlorides	(anhydrous,	99.9+%),	oleic	acid	(OA)	(90%),	and	1-octadecene	(ODE)	(90%),	
were	purchased	from	Sigma-Aldrich.	YbCl3	hydrate	was	purchased	from	Strem.	

Synthesis:	 All	 syntheses	 were	 performed	 under	 N2	 flow	 using	 standard	 Schlenk	
techniques	with	stirring.	The	syntheses	of	the	UCNPs	core	and	shells	were	performed	according	
to	previous	reports	with	some	modifications.52	

Synthesis	 of	 UCNPs	 core	 (NaY0.2Er0.6Yb0.2F4):	 32mg	 of	 YbCl3	 hydrate	 and	 66	 mg	 ErCl3	
hydrate	were	dissolved	in	3.25	g	OA	and	4	mL	ODE	by	heating	under	vacuum	for	1	h	at	110	°C.	
The	 reaction	 was	 cooled	 to	 room	 temperature	 (RT)	 under	 nitrogen	 flow,	 followed	 by	 the	
addition	of	381	mg	sodium	oleate,	74	mg	NH4F	and	3	mL	ODE.		The	reaction	was	then	heated	
under	vacuum	for	20	min,	followed	by	three	alternating	cycles	of	refilling	with	N2	and	purging	
with	vacuum	for	1	min	per	cycle.		The	reaction	temperature	was	then	increased	quickly	under	
N2	 to	 a	 growth	 temperature	of	 315	°C.	After	 45	min	at	 this	 temperature,	 nanocrystal	 growth	
was	quenched	by	removing	the	heating	mantle	and	cooling	it	with	a	stream	of	compressed	air,	
followed	by	 the	 addition	of	 20	mL	of	 ethanol	 and	 20	mL	 acetone	 at	 75°C.	 	 The	UCNPs	were	
purified	 twice	 using	 ethanol	 for	 precipitation	 and	 redispersed	 in	 hexane	with	 0.2%	 (v/v)	 OA.	
Similar	procedures	were	used	for	all	doped	NaYF4	cores.		

Preparation	 of	 shell	 precursors.	 	 	 Epitaxial	 NaY0.8Gd0.2F4	 shells	 were	 grown	 on	 doped	
NaYF4	cores	using	a	method	modified	 from	Li	et	al.53	A	0.10	M	solution	of	80:20	Y/Gd	oleate	
(Y/Gd-OA)	was	prepared	by	heating	YCl3	(78	mg)	and	GdCl3	(26	mg)	to	110	°C	in	oleic	acid	(2	mL)	
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and	ODE	(3	mL)	and	stirred	for	15	min	under	vacuum.		The	flask	was	filled	with	N2	and	heated	to	
160	°C	for	30	min,	 followed	by	another	15	min	at	110	°C	under	vacuum.	 In	a	separate	flask,	a	
0.40	M	NaTFA-OA	precursor	solution	was	prepared	by	dissolving	sodium	trifluoroacetate	(163	
mg)	in	oleic	acid	(3	mL)	and	applying	vacuum	at	room	temperature	for	20	min.	

Synthesis	 of	 core/shell	NaErxYbyF4	@	NaY0.8Gd0.2F4	UCNPs:	 	 27	µmol	 of	 purified	UCNPs	
cores	in	hexane	were	added	to	4	mL	of	OA	and	6	mL	ODE.	The	mixture	was	degassed	for	30	min	
at	 70°C	 to	 remove	 the	 hexane.	 The	 shell	 growth	was	 performed	 under	 N2	 at	 280	°C,	 where	
alternating	injections	of	Y/Gd-OA	and	NaTFA-OA	precursor	were	performed	at	15	min	intervals	
(see	Table	S1	 in	the	Supporting	 Information	for	volumes).	After	the	 last	 injection	the	reaction	
was	maintained	at	280	°C	for	additional	30	min	to	allow	for	complete	shell	growth,	followed	by	
rapid	 cooling.	 	 Nanoparticles	 were	 purified	 and	 stored	 as	 described	 for	 the	 UCNP	 cores.	
Detailed	synthesis	procedures	are	given	in	the	Supporting	Information.	

Sample	characterization:	All	nanocrystals	were	characterized	by	powder	X-ray	
diffraction	to	show	pure	hexagonal	phase.		TEM	images	were	obtained	using	a	JEOL	2100-F	200	
kV	field-emission	analytical	transmission	electron	microscope.		

Optical	 characterization:	UCNP	 films	were	drop	cast	 from	hexane	solutions	onto	No.1	
glass	coverslips.		Laser	scanning	confocal	imaging	was	performed	in	ambient	conditions	using	a	
custom-built	confocal	 inverted	microscope.	The	sample	was	excited	by	a	980	nm	continuous-
wave	 laser	 excitation	 source	 (Thorlabs	 TCLDM9,	 300	 mW	 diode)	 coupled	 through	 an	 oil-
immersed	 objective	 (100x	 1.4NA,	Nikon).	 The	 emission	was	 collected	 by	 the	 same	 objective,	
spectrally	filtered	using	a	514	nm	long	pass	and	a	535/30	nm	band	pass	filters	and	imaged	into	
a	free	space	single-photon	avalanche	photodiode	(SAPD,	from	MPD).	To	measure	luminescence	
lifetimes,	the	laser	was	operated	in	a	“on-off’’	cycle	using	a	function	generator,	with	a	square	
wave	with	a	period	of	8	ms.	This	excitation	scheme	was	implemented	to	achieve	a	cycle	of	4	ms	
constant	 excitation	 to	 allow	 the	 luminescence	 to	 reach	 steady	 state,	 followed	 by	 a	 4	ms	 of	
excitation-free	 detection	 of	 the	 luminescence	 decay.	 The	 SAPD	 and	 the	 function	 generator	
trigger	 output	 were	 collected	 by	 a	 time-correlated-single-photon-counter	 (PicoHarp	 300),	
enabling	photoluminescence	transient	measurements.	

The	 resulting	 time-resolved	 luminescence	 plots	were	 fit	with	 up	 to	 three	 exponential	
terms.	 To	 quantitatively	 compare	 luminescence	 lifetimes	 using	 a	 single	 figure	 of	 merit,	 we	
calculated	 the	 effective	 lifetimes	 of	 each	 trace,	 τeff,	 which	 is	 functionally	 equivalent	 to	 the	
amplitude-weighted	average	of	each	lifetime	component.	This	weighted	lifetime	was	calculated	
by	the	equation:	
	 𝜏!"" =

!!!!
!!

	 (1)	

	
Here, τeff	 is	the	weighted	 lifetime,	Ai	are	weighting	factors,	and	τi	are	 lifetimes,	obtained	from	
fitting	of	 the	decay	 curve.	 This	 expression	 for	τeff	 is	 functionally	 equivalent	 to	 the	expression	
below,	which	 can	be	 calculated	 from	 the	 raw	 intensity	 signal,	 I(t),	 its	maximum	 Imax,	 and	 the	
time	t:	

	 𝜏!"" =
!(!)!

!!!
!!"#

=
!!!
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!!  !

!!!
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	 (2)	
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Calculations.	Differential	rate	equations:	Systems	of	coupled	differential	rate	equations	
(DREs)	were	used	to	model	changes	in	population	for	each	excited	state	in	the	Yb3+	and	Er3+	
dopants.	Rate	equations	were	assembled	automatically	using	a	previously	described	
computational	model25	based	on	Judd-Ofelt	theory54	and	energy	transfer	models	from	
Kushida.55	This	system	of	coupled	DREs	describes	the	rate	at	which	each	lanthanide	manifold	is	
populated	and	depopulated	by	photon	absorption,	luminescence,	energy	transfer,	and	
multiphonon	relaxation	form	its	initial	steady	state	population.	For	a	given	UCNP	composition,	
rate	equations	were	integrated	numerically	using	Igor	Pro	7	(Wavemetrics)	to	determine	the	
steady	state	population	under	a	given	irradiation	power.	Then,	after	discontinuing	excitation,	
the	luminescence	decay	curves	and	τeff	were	calculated	using	a	second	round	of	time-
dependent	integration.	Detailed	DRE	methods	are	given	in	the	supporting	information.	

Kinetic	Monte	Carlo	simulations:	A	Kinetic	Monte	Carlo	(KMC)	model	of	8-nm,	spherical	
UCNPs,	was	implemented	in	Igor	Pro	7	using	the	rejection-free,	Gillespie	stochastic	simulation	
algorithm56	 	detailed	 in	the	Supporting	 Information.	The	transition	probabilities	 for	each	KMC	
step	were	calculated	using	the	same	rate	constants	as	those	used	for	DREs.	Similarly	to	the	DRE	
calculations,	KMC	lifetime	simulations	were	performed	by	discontinuing	the	excitation	after	the	
system	reached	steady	state,	i.e.,	the	population	of	the	green-emitting	4S3/2	level	was	recorded	
over	time	after	the	excitation	radiation	was	discontinued.	Due	to	the	low	population	fraction	of	
the	 4S3/2	 level,	 10	 to	 1000	 KMC	 trajectories	 records	were	 averaged	 in	 order	 to	 calculate	 the	
effective	lifetime	of	each	material.			
	

	
Results	and	Discussion	

	
Power	 dependence	 of	 UCNP	 luminescence	 lifetimes.	 To	 investigate	 the	 relationship	

between	excitation	power	and	luminescence	lifetime	of	UCNPs,	we	measured	the	TRPL	of	dried	
films	of	Yb3+/Er3+-codoped	NaYF4	nanocrystals	across	a	range	of	excitation	fluences	and	doping	
levels.	We	synthesized	a	library	of	8-nm-diameter	NaYF4	nanocrystals	(Figure	1e)	with	2,	10,	20,	
and	60	at%	Er3+	while	keeping	the	Yb3+	concentration	constant	at	20%.	Since	quenching	at	UCNP	
surfaces	 shortens	 luminescence	 lifetimes,33-34,	 40,	 42	 we	 overgrew	 4-nm-thick,	 undoped	 NaYF4	
shells	on	these	nanoparticles	(Figure	1f).53	Representative	emission	spectra	for	these	UCNPs	are	
shown	in	Figure	S1	in	the	Supporting	Information.		

For	core	and	core-shell	nanoparticles	doped	with	20%	Yb3+	and	2	%	Er3+,	 the	decay	of	
the	 combined	 luminescence	 around	 518	 and	 540	 nm	 –	 corresponding	 to	 the	
Er3+:2H11/2/4S3/2→4I15/2	 transitions,	 respectively	 –	 does	 not	 vary	 significantly	 with	 excitation	
power	(Figure	2a	and	Figure	2b;	see	Figure	S2	for	lifetimes	at	660	nm).	However,	at	higher	Er3+	
doping	 fractions	 (20	or	 60%	Er3+),	 TRPL	 traces	decay	more	 rapidly	 as	 the	power	 is	 increased,	
with	this	power	dependence	increasing	with	the	Er3+	concentration	(Figure	2c	and	Figure	2d).	At	
20/20%	Yb3+/Er3+,	the	effective	lifetime	τeff	–	defined	by	Equation	1	in	the	Methods	–	decreases	
by	58%	from	a	maximum	of	328±22	µs	to	139±3	µs	as	the	excitation	power	increases	from	102	
to	106	W/cm2	 (Figure	3a).	At	20/60%	Yb3+/Er3+,	τeff	 decreases	 six-fold	across	 the	 same	power	
range,	to	62±2	µs.	This	decrease	in	luminescence	lifetime	could	be	rationalized	as	the	result	of	
the	 increased	 depopulation	 of	 the	 emitting	 state	 via	 transitions	 whose	 rates	 are	 power	
dependent.	 	 Since	 this	 dependence	 is	 stronger	 at	 high	 Er3+,	 we	 hypothesized	 that	 these	
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additional	relaxation	processes	are	ET	to	excited	state	acceptors.			
	 	

	
	 	
Figure	3.	Effective	lifetime,	τeff,	of	the	green,	Er3+:2H11/2/4S3/2→4I15/2	emission	vs	excitation	power	
measured	experimentally	for	(a)	core	and	core/shell	(C/S)	NaYF4:20%	Yb3+,	X%	Er3+	nanocrystals	(X	=	2,	
10,	20,	60).		Error	bars	depict	the	95%	confidence	limits	propagated	from	uncertainties	in	exponential	fit	
parameters.	τeff	vs	excitation	power	for	core-shell	nanocrystals	calculated	using	differential	rate	equations	
(b)	and	kinetic	Monte	Carlo	simulations	(c).	

	
Figure	 2.	 Time-resolved	 photoluminescence	 decay	 traces	 for	 the	 green	 emission	 of	 NaYF4	
upconverting	nanocrystals	excited	at	980	nm	at	six	different	power	densities.	All	nanocrystals	contain	
20%	Yb3+	and	are	codoped	with	2%	(a,	b),	20%	(c)	or	60%	Er3+	(d).		Nanocrystals	in	(a)	are	8-nm	diameter	
cores,	while	nanocrystals	 in	(b),	(c)	and	(d)	are	8-nm	cores	overcoated	with	4-nm-thick	undoped	shells.	
Emission	 is	 filtered	between	520-550	nm.	Before	measuring	decays,	the	 luminescence	from	the	samples	
was	allowed	to	reach	steady	state	during	excitation.	
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Calculating	 luminescence	 lifetimes.	To	elucidate	the	microscopic	origins	of	the	power-

dependent	lifetimes,	we	used	differential	rate	equations	(DREs)	to	describe	the	time-dependent	
changes	in	population	ni	for	each	excited	state	i	in	the	Yb3+	and	Er3+	dopants.	The	energy	level	
indices	 (i)	used	to	 identify	 the	36	DREs	used	 in	 this	work	are	enumerated	 in	Figure	4b	and	 in	
Table	S2	of	the	Supporting	Information.	Our	computational	model3,	25	automatically	constructs	
and	 solves	 systems	 of	 coupled	 DREs	 that	 describe	 the	 rate	𝑛! = 𝑑𝑛!/𝑑𝑡 	at	 which	 each	
lanthanide	4fN	manifold	 i	 is	populated	and	depopulated	by	photon	absorption,	 luminescence,	
ET,	 and	multiphonon	 relaxation	 (MPR).	 To	 capture	 the	 full	 complexity	of	 these	networks,	we	
modeled	every	interaction	–	out	of	thousands	of	possible	combinations	of	initial	and	final	states	
–	using	electric	dipole	radiative	rate	constants	calculated	with	Judd-Ofelt	theory54	and	energy	
transfer	rate	constants	using	the	method	of	Kushida.55	 	Thus,	each	excited	state	 i	 is	a	node	in	
the	UCNP	ET	network	and	is	connected	to	every	other	state	by	multiple	transitions,	each	with	a	
distinct	rate	constant.	This	DRE	treatment	is	consistent	with	approaches	used	to	study	UCNPs36	
and	other	complex	systems.	

Luminescence	 lifetimes	 of	 Yb3+/Er3+-doped	UCNPs	 simulated	 using	 DREs	 exhibited	 the	
same	qualitative	trends	as	those	measured	experimentally	(Figure	3b;	calculated	decay	curves	
shown	in	Figure	S3	and	S4);	τeff	for	the	540-nm	emission	decreased	as	the	power	was	increased	
from	10	to	106	W/cm2.	Similar	to	the	experimental	lifetimes,	the	simulated	power	dependence	
of	τeff	increased	as	the	Er3+	doping	in	the	Yb3+-codoped	UCNPs	increased	from	2	to	20%	Er3+.	The	
qualitative	 reproduction	 of	 the	 power	 dependence	 in	 the	 lifetimes	 suggested	 that	 DRE	
simulations	 could	 help	 elucidate	 the	 mechanism	 for	 the	 power	 dependence	 of	 UCNP	
luminescence	lifetimes.			

For	UCNPs	doped	above	20%	Yb3+	or	20%	Er3+,	numerical	 integration	of	the	DREs	does	
not	converge	with	respect	to	reduction	in	the	time	step	due	to	rapid	energy	transfer	between	
closely	 spaced	 dopants.	 Therefore,	we	 calculated	 the	 luminescence	 decays	 of	materials	with	
high	dopant	compositions	using	Kinetic	Monte	Carlo43,	56-58	(KMC)	simulations	of	8-nm	spheres	
with	 randomly	distributed	 lanthanide	 ions	 (Figure	S5;	 see	KMC	methods	 in	Methods	section).		
Luminescence	 lifetimes	simulated	via	KMC	(Figure	3c)	exhibited	similar	power	dependence	to	
those	 observed	 experimentally	 and	 to	 those	 calculated	 with	 DREs.	 Specifically,	 τeff	 values	
decreased	with	 power,	with	 the	 power	 dependence	 increasing	 as	 the	 Er3+	 content	 increased	
from	20%	to	80%.		

The	 luminescence	 lifetime	 of	 an	 ET	 network	 is	much	 longer	 than	 the	 lifetime	 of	 an	
excited	 ion	 in	 the	 network.	 To	 uncover	 the	 pathways	 that	 give	 rise	 to	 power	 dependent	
behavior,	 we	 mined	 the	 DRE	 results	 by	 isolating	 the	 specific	 transitions	 that	 populate	 and	
depopulate	the	Er3+:4S3/2	level,	which	emits	540-nm	photons.	Since	the	luminescence	lifetime	of	
a	simple	emitter	is	proportional	to	the	rate	that	an	emitting	level	 is	depopulated	(as	in	Figure	
1a),	 we	 filtered	 the	 DRE	 data	 for	 all	 transitions	 that	 originate	 from	 the	 4S3/2	 manifold.	 We	
calculated	the	rates	of	these	transitions	using	their	rate	constants	and	the	populations	of	their	
initial	states.	Since	transition	rates	vary	over	time	as	the	excited	state	populations	decay	(as	in	
Figure	 S8),	 we	 sought	 to	 measure	 those	 rates	 at	 a	 time	 at	 which	 the	 transition	 rates	 were	
characteristic	of	the	effective	luminescence	lifetime	of	the	decaying	system.	We	postulated	that	
this	occurs	at	teq,	which	we	define	as	the	“equivalent	time”	at	which	the	relative	rate	of	change	
in	the	population	𝑛! 	of	the	emitting	level	i,	equals	the	inverse	lifetime	(i.e.,	𝑛!(𝑡!") = 𝑛!(𝑡!")/
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𝑛!(𝑡!")  =	-τeff-1,	where	𝑛! =
!"!
!"

,	 and	 index	 7	 refers	 to	 the	 Er3+:4S3/2	manifold).	 	 All	 reported	
transition	 rates	 reported	 below	 were	 calculated	 at	 teq,	 which	 can	 be	 visualized	 on	 plots	 of	
𝑛! 𝑡!"  𝑣𝑠. 𝑡 in	 Figure	 S8	and	S9.	Additional	details	of	 teq	 usage	are	 given	 in	 Section	2	of	 the	
Supporting	Information.		

	For	20/20%	Yb3+/Er3+-doped	UCNPs	excited	at	106	W/cm2,	data	mining	reveals	that	over	
1700	different	photophysical	transitions	depopulate	the	Er3+:4S3/2	manifold.	The	aggregate	rate	
of	 these	 outflows,	 normalized	 by	 the	 4S3/2	 population,	was	𝑛!,!"#	=	 77,000	 s-1	 at	 teq	=	 110	µs	
(Figure	 4a).	 In	 this	work,	we	occasionally	 refer	 to	 depopulating	 and	populating	 transitions	 as	
outflows	 and	 inflows,	 respectively,	 for	 brevity	 and	 to	 avoid	 confusion	 between	 the	multiple	
meanings	of	the	word	population.		To	account	for	95%	of	the	outflow	rate,	one	must	aggregate	
the	 rates	 of	 the	 45	 fastest	 depopulating	 transitions,	 listed	 in	 Table	 S7	 in	 the	 Supporting	
Information.	 In	 fact,	 the	 five	most	significant	outflows	account	 for	only	53%	of	 the	aggregate	
outflow	rate.	The	remaining	42%	require	contributions	from	40	more	transitions.	Thus,	at	high	
excitation	 powers,	 the	 depopulation	 of	 a	 lanthanide	 excited	 state	 cannot	 be	 attributed	 to	 a	
single	 pathway	 or	 to	 even	 a	 few	 major	 transitions.	 Instead,	 many	 minor	 transitions	 act	
collectively	 to	 depopulate	 the	 4S3/2	 manifold.	 Collective	 behavior	 –	 in	 which	 interactions	
between	 species	 in	 a	 network	 produce	 coordinated	 activity	 distinct	 from	 that	 of	 isolated	
species	–	is	notable	since	it	is	a	defining	trait	of	complex	systems.31,	49-50			

For	 a	 simple	 emitter	 (as	 in	 Fig.	 1a),	 the	 inverse	 of	 the	 relative	 rate,	1/𝑛!,!"#,	 should	
equal	 the	 luminescence	 lifetime.47	However,	 for	20/20%	Yb3+/Er3+-doped	nanocrystals	excited	
at	106	W/cm2,	this	theoretical	lifetime,	1/𝑛!,!"# 𝑡!" 	=	13	µs,	is	seven-fold	lower	than	the	τeff	=	
93	 µs	 calculated	 from	 the	 decay	 curves	 of	 the	 simulation	 (i.e. 𝑛!(𝑡)).	 This	 disparity	 between	
𝑛!,!"# 	and	 τeff-1	 further	 suggests	 that	 the	 power	 dependence	 of	 τeff	 is	 a	 consequence	 of	 a	
mechanism	more	complex	than	that	of	a	traditional	emitter.		

To	explain	why	the	luminescence	from	a	lanthanide	manifold	can	persist	for	so	long,	we	
reasoned	 that	 for	 a	 complex	 system,	 the	 decay	 dynamics	 are	 not	 solely	 determined	 by	
relaxation	 rates	 since	 inflows	 can	 increase	 the	 population	 of	 an	 emitting	 level	 (as	 shown	 in	
Figure	S8,	the	inflow	rate	is	significant	throughout	the	decay	transient).		Thus,	the	overall	rate	
of	 change	 in	an	excited	 state	population,	𝑛,	would	be	 the	 sum	of	all	 rates	of	 transitions	 that	
depopulate	 and	 populate	 that	 species,	𝑛!"# =  𝑛!" + 𝑛!"#.	 Here,	𝑛!" 	is	 the	 aggregate	 inflow	
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Figure 4. (a) Comparison of the outflow and inflow rates for the emitting Er3+:4S3/2 level for 20% Yb3+/ X% Er3+-
doped UCNPs doped at three Er3+ concentrations (X = 2, 10, 20%) and excited at six powers. Aggregate, 
population-normalized rates of transitions that populate (dashed lines) and depopulate (solid lines) the emitting 
level are calculated using rate equation models; data is shown for time teq. Shaded regions highlight differences 
between outflow and inflow rates for each composition. (b) Major transitions for 20/20% Yb3+/Er3+-doped 
UCNPs excited at 106 W/cm2 calculated at teq = 110 µs. Arrow thicknesses scale logarithmically with rates. 
Manifolds are labeled by their 2S+1LJ term symbols and their index i (italics) used for rate equation analysis.  (c) 
Stack plot of contributions from the six transition classes, defined in (d), to the population-normalized rate of 
outflows from the 4S3/2 manifold. The emitting level (green lines) can act as either a donor (D) or acceptor (A). 
Circles denote dopant ions occupying given states. (e) Power dependence of the 1/τeff (symbols) and the 
difference between outflow and inflow rates at teq

 (lines, see text for definitions). 
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rate,	 and	 the	 outflow	 rate	𝑛!"# 	is	 negative	 to	 reflect	 a	 decrease	 in	 the	 population.	 For	 a	
luminescent	decay,	we	postulated	that	𝜏!""!! ≈  𝑛!"# =  𝑛!"# − 𝑛!" 	at	a	time	characteristic	
of	 the	decay.	For	a	simple	emitter	 (e.g.,	an	 isolated	 lanthanide	 ion),	𝑛!" ≈ 0	during	the	decay	
due	to	the	absence	of	excitation,	leading	to	the	traditional	inverse	relationship	between	τeff	and	
𝑛!"#.	In	contrast,	for	a	UCNP	ET	network,	an	emitting	manifold	in	principle	can	continue	to	be	
populated	 after	 excitation	 is	 discontinued,	 via	 relaxation	 from	higher	 lying	manifolds	 and	 via	
energy	 transfer	 from	 excited	 ions	 nearby.	 In	 this	 case,	𝑛!" ≠ 0	for	 UCNPs	 with	 high	 excited	
state	populations,	thereby	explaining	the	discrepancy	between	1/𝑛!,!"#	and	τeff,	especially	for	
high	doping	levels	that	foster	rapid	ET	between	ions.	

To	investigate	the	role	of	inflows	on	lifetimes,	we	mined	the	DRE	results	for	transitions	
that	populate	the	4S3/2	manifold	in	20/20%	Yb3+/Er3+-doped	nanocrystals	excited	at	six	different	
powers.	 At	 high	 excitation	 power	 (106	W/cm2),	 the	 aggregate	 rate	 of	 inflows	 populating	 the	
4S3/2	level	is	significant	as	suspected	–	reaching	86%	of	the	aggregate	outflow	rate	(Figure	4a)	as	
calculated	 at	 teq.	 Even	 at	 lower	 Er3+	 concentrations	 (i.e.,	 2%	 and	 10%	 Er3+),	𝑛!,!" 	is	 still	 a	
significant	fraction	of	𝑛!,!"#	at	106	W/cm2	(Figure	4a).		

Due	to	the	significance	of	𝑛!,!"	at	high	powers	and	high	Er3+	doping,	the	overall	rate	of	
change	 in	 the	population	 (𝑛! =  |𝑛!,!"|− |𝑛!,!"#|)	 is	only	16%	of	𝑛!,!"#	for	20/20%	excited	at	
106	 W/cm2,	 explaining	 why	 τeff	 is	 7-fold	 longer	 than	1/𝑛!,!"# 	at	 high	 excitation	 power.	 As	
postulated,	after	accounting	for	both	inflows	and	outflows,	the	inverse	lifetime	1/τeff	is	identical	
to	𝑛! 	at	 all	 powers	 and	 all	 Er3+	 doping	 levels,	 as	 shown	 in	 Figure	 4e.	 This	 equality	 was	
predetermined	by	our	definition	of	teq;	however,	this	self-consistency	validates	our	assumption	
that	 the	microscopic	 dynamics	 of	 thousands	 of	 transitions	 at	 teq	 are	 reflective	 of	 a	 decaying	
system	with	τeff.	

An	 important	 consequence	of	 the	dependence	of	 the	 luminescence	 lifetime	on	 inflow	
transitions	is	that	the	measured	luminescence	lifetime	of	a	UCNP	is	not	an	accurate	reflection	
of	 the	 dynamics	 of	 individual	 excited	 states	 inside	 the	 UCNP	 ET	 network.	 Monte	 Carlo	
simulations	illustrate	that	the	number	of	Er3+	ions	in	a	UCNP	in	their	4S3/2	state	fluctuates	much	
more	 rapidly	 than	 the	 luminescence	 decay	 rate	 from	 that	 state	 (Figure	 S6).	 Depopulating	
transitions	 transiently	 reduce	 the	 4S3/2	 population	 (occasionally	 to	 zero),	 but	 subsequent	 ET	
processes	 can	quickly	 repopulate	 the	emitting	 level.	 To	 illustrate	 the	 atomistic	 origins	of	 this	
behavior,	we	tracked	the	elapsed	time,	τtraj,	between	the	promotion	or	demotion	of	an	ion	to	
an	Er3+:4S3/2	state	and	the	time	when	the	energy	of	that	individual	state	is	consumed	in	whole	
or	in	part	for	another	transition	(e.g.,	photon	emission	or	non-resonant	energy	transfer,	which	
may	occur	on	a	different	ion	due	to	resonant	energy	migration).	A	graphical	illustration	of	the	
derivation	of	τtraj	is	shown	in	Figure	S7a.	The	average	value	of τtraj	calculated	for	UCNPs	doped	
with	20%	Yb3+	and	20%	Er3+	(7.8	µs	at	106	W/cm2,	see	histogram	of	lifetimes	in	Figure	S7b)	is	an	
order	of	magnitude	 smaller	 than	τeff	 (75	µs).	 Thus,	 the	 lifetime	of	 an	 individual	 excited	 state	
trajectory	 (τtraj)	 is	 significantly	 shorter	 than	 the	 luminescence	 lifetime.	 The	 “birth”	 of	 new	
energy	trajectories	via	populating	transitions	partially	offsets	the	rapid	“death”	of	trajectories	
via	 depopulating	 transitions.	 Therefore,	 the	 ET	 network	 decays	 as	 a	 system	 rather	 than	 a	
collection	of	isolated	dopant	ions.	The	stark	contrast	between	the	dynamics	of	the	network	and	
the	dynamics	of	individual	dopant	states	is	a	second	characteristic	of	complex	systems.	

The	 overall,	 relative	 rate	 determines	 the	 power	 dependence	 of	 the	 luminescence	
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lifetime.	Using	the	population	balance	model	above,	we	reasoned	that	variations	in	the	overall	
rate	𝑛! 		 (normalized	 by	 population)	 could	 explain	 the	 power	 dependence	 of	 luminescence	
lifetimes.	 Indeed,	 as	 the	 excitation	 power	 is	 increased	 above	 103	 W/cm2	 for	 DRE-simulated	
20/20%	 Yb3+/Er3+	 UCNPs,	 the	magnitude	 of	𝑛!	increases	 dramatically	 (Figure	 4e).	 This	 overall	
rate	 (relative	 outflows	minus	 relative	 inflows)	 is	 seven-fold	 greater	 at	 106	W/cm2	 than	 at	 10	
W/cm2,	resulting	 in	a	corresponding,	seven-fold	decrease	 in	τeff	at	the	higher	power.	Notably,	
𝑛!,!"	and	𝑛!,!"#	both	 increase	with	 power	 (Figure	 4a),	which	 is	 intuitive	 since	 the	 rates	 of	 ET	
inflows	 and	 outflows	 increase	 as	 excited	 state	 populations	 increase.	 Thus,	 it	 is	 the	 power	
dependence	 of	 the	 difference	 in	 these	 relative	 rates	 that	 is	 key	 to	 explaining	 the	 power-
dependent	lifetimes.		

Microscopic	origins	of	power-dependent	population	and	depopulation.	To	uncover	the	
microscopic	 pathways	 that	 give	 rise	 to	 the	 power	 dependence	 of	 τeff,	 we	 investigated	 the	
individual	 transitions	 that	populate	and	depopulate	 the	green-emitting	Er3+	 transition	 in	Yb3+-
codoped	 UCNPs.	 As	 shown	 in	 the	 mechanism	 in	 Figure	 4b	 in	 the	 “Inflows”	 category	 and	 in	
Tables	S6	and	S7,	the	green-emitting	4S3/2	and	2H11/2	manifolds	are	populated	predominantly	by	
MPR	from	the	Er3+:4F7/2	manifold.	The	4F7/2	level	is	itself	populated	mostly	via	MPR	from	higher	
lying	manifolds.	However,	the	4F7/2	level	and	other	higher	lying	manifolds	can	also	be	populated	
via	 power-dependent	 energy	 transfer	 upconversion	 (ETU)	 from	 other	 excited	 states	 (e.g.,	
“recycling”	 transitions	 12-14	 in	 Figure	 4b),	 which	 are	 themselves	 populated	 via	 multiple	
pathways.	 Furthermore,	 excited	 states	 higher	 in	 energy	 than	 the	 emitting	 level	 can	 be	
depopulated	 by	 cross-relaxation,	 allowing	 upconverted	 energy	 to	 bypass	 the	 emitting	 level	
(e.g.,	transition	11	 in	Figure	4b).	Thus,	 it	 is	challenging	to	attribute	the	population	of	the	4S3/2	
emitting	 level	 to	a	 single	pathway	beyond	 the	most	 immediate	MPR	transition,	which	has	no	
intrinsic	power	dependence.	

To	 analyze	 the	 transitions	 that	 depopulate	 the	 green-emitting	 levels,	 we	 categorized	
these	transitions	into	the	six	classes	defined	below.	We	distinguished	ET	classes	by	their	effect	
on	the	excited	state	populations	above	and	below	the	emitting	level	–	which	we	hypothesized	
would	influence	the	power	dependence	of	luminescence	lifetimes.		

1.	 Energy	 Transfer	 to	 a	 Ground	 State	 Acceptor	 (GSET-D).	 The	 depopulating	 transition	
with	the	largest	rate	is	the	back	transfer	of	energy	from	Er3+	to	Yb3+	(ET	arrow	pair	3	in	Figure	
4b).	 The	 total	 branching	 ratio	β	 for	 this	 transition	 is	 15%	 at	 106	W/cm2,	 where	β	 is	 defined	
mathematically25	in	Section	2	of	the	Supporting	Information.		The	Er3+:4S3/2	emitting	state	is	the	
donor,	while	the	acceptor	is	the	Yb3+	ground	state.	Since	the	large	Yb3+	ground	state	population,	
𝑛!,	 is	 reasonably	 invariant,	 the	 relative	 rate	 of	 this	 transition	 should	not	 change	 significantly	
with	 power.	 This	 lack	 of	 power	 dependence	 applies	more	 generally	 to	 all	 ET	 transitions	 that	
involve	a	ground	state	acceptor	–	a	class	we	term	“Ground	State	Energy	Transfer-Donor”	(GSET-
D)	and	show	schematically	 in	Figure	4d.	We	 tested	 this	hypothesis	by	calculating	𝑛!,!"#$,	 the	
sum	of	the	normalized	rates	of	all	GSET-D	transitions	originating	from	the	green-emitting	level.	
As	 expected,	𝑛!,!"#$  does	 not	 vary	 appreciably	 with	 power	 at	 20%	 Er3+	 (Figure	 4c)	 or	 lower	
concentrations	(Figure	S10	and	S11,	Supporting	Information).		

	2	 &	 3.	 Radiative	 and	 multi-phonon	 relaxation.	 Similar	 analysis	 reveals	 that	 the	
normalized	rates	of	radiative	relaxation	and	MPR	do	not	exhibit	power	dependence	(Figure	4c).		

4.	Excited	State	Cross	Relaxation	Donor	(ESCR-D).	The	transition	with	the	second-highest	
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branching	ratio	from	Er3+:4S3/2	is	ET	to	an	Er3+:4I13/2	acceptor	(ET	transition	5	in	Figure	4b).		This	
transition	 belongs	 to	 a	 class	 characterized	 by	 the	 emitting	 state	 acting	 as	 a	 donor	 for	 cross-
relaxation	 (CR)	 transitions	 in	which	 the	 acceptor	 is	 an	 excited	 state	 (ESCR-D,	 Figure	 4d).	We	
define	 cross-relaxation	 as	 an	 ET	 process	 that	 results	 in	 the	 donor	 and	 acceptor	 having	 final	
states	that	 lie	between	the	 initial	energies	of	 the	two	 ions.	Unlike	GSET-D	transitions,	ESCR-D	
transitions	exhibit	a	strong	power	dependence	(Figure	4c),	which	is	not	surprising	since	ESCR-D	
rates	are	proportional	to	the	product	of	the	populations	of	the	donor	( nd)  and	acceptor	levels	
(na).	Both	populations	are	highly	dependent	on	excitation	power,	and	normalizing	the	rates	by	
the	Er3+:4S3/2	population	removes	only	the	dependence	on	nd	(see	Equation	S9	in	the	Supporting	
Information).	

5.	Energy	Transfer	Upconversion	Acceptor	(ETU-A).	 In	this	transition	class,	 the	emitting	
level	 acts	 as	 an	 acceptor	 for	 energy	 transfer	 upconversion	 (ETU-A,	 Figure	 4d),	 with	 the	
archetype	 being	 ET	 transition	 7	 in	 Figure	 4b.	 	 The	 normalized	 ETU-A	 rate	 exhibits	 a	 strong	
dependence	on	the	excitation	power	(Figure	4c),	growing	from	a	non-existent	contribution	at	
10	W/cm2	to	21%	of	the	total	4S3/2	depopulation	rate	excited	at	106	W/cm2	in	20/20%	Yb3+/Er3+	
UCNPs.		

6.	 Energy	 Transfer	 Upconversion	 Donor	 (ETU-D).	 Here,	 the	 emitting	 state	 is	 the	 ETU	
donor	(Figure	4d),	with	the	most	significant	example	being	ET	transition	8	in	Figure	4b.	Like	the	
ETU-A	 rate,	𝑛!,!"#!! is	 highly	 power-dependent	 (Figure	 4c),	 with	 its	 contribution	 growing	 to	
23%	of	the	overall	depopulation	at	106	W/cm2.		

	
Among	the	six	classes	of	outflows	discussed	above,	the	most	significant	contributors	to	

the	 power	 dependence	 of	𝑛!,!"# 	are	 ESCR-D,	 ETU-A,	 and	 ETU-D.	 Interestingly,	 these	 three	
transition	classes	contribute	relatively	equally	 to	 the	 increase	 in	 the	depopulation	rate	as	 the	
excitation	power	 is	 increased	 (Figure	 4c)	 –	 further	 supporting	our	 conclusion	 that	 the	power	
dependence	of	τeff	is	a	consequence	of	the	collective	behavior	of	UCNP	ET	networks.		Although	
it	 is	 tempting	 to	 conclude	 that	 ETU-A,	 ETU-D,	 and	 ESCR-D	 are	 the	 major	 pathways	 for	
shortening	UCNP	luminescence	lifetimes	at	high	power,	we	recall	that	1/τeff	 is	proportional	to	
the	difference	between	𝑛!,!"	and	𝑛!,!"#,	requiring	us	to	account	for	inflows	as	well.	The	power	
dependences	of	inflows	are	difficult	to	rationalize	because	many	convergent	pathways	supply	a	
given	inflow.	Likewise,	depopulating	transitions	may	branch	out	and	feed	back	into	the	emitting	
level	to	repopulate	it,	dampening	any	effect	on	the	overall	rate.	Thus,	due	to	the	complexity	of	
ET	 networks,	 we	 needed	 to	 extend	 our	 analysis	 with	 a	 second	 approach	 to	 quantify	 the	
contributions	 of	 the	 different	 transition	 classes	 to	 the	 power	 dependence	 of	 luminescence	
lifetimes	in	UCNPs.	

	
Knocking	 out	 transitions	 confirms	 collective	 network	 behavior.	 To	 determine	 the	

extent	 to	 which	 each	 transition	 type	 contributes	 to	 decreasing	 luminescence	 lifetimes	 in	
lanthanide-doped	 upconverting	 materials,	 we	 postulated	 that	 deactivating	 the	 transitions	
responsible	for	decreasing	the	lifetimes	at	high	powers	would	result	in	recovery	of	the	lifetimes	
back	to	their	low-power	values.	Conversely,	disabling	“unimportant”	transitions	would	not	alter	
the	 lifetime	 significantly.	 Similar	 to	 gene	 knockout	 experiments	 used	 to	 study	 complex	
regulatory	networks	in	organisms,59	transition	knockouts	allow	us	to	investigate	the	function	of	
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each	 transition	 type	 in	 an	 ET	 network	 as	 UCNP	 luminescence	 decays.	 To	 implement	 this	
strategy,	 we	 modified	 our	 DRE	 calculations	 to	 disregard	 all	 transitions	 of	 a	 specified	 type	
originating	 from	 the	 emitting	 state	 during	 the	 TRPL	 decay	 (but	 not	 during	 excitation.	 See	
Supplemental	Methods	for	additional	details).		

Knocking	out	individual	classes.	To	begin,	we	knocked	out	the	transitions	in	each	of	the	
four	classes	–	GSET-D,	ESCR-D,	ETU-D,	and	ETU-A	–	that	exhibited	the	largest	contributions	to	
the	power-dependent	depopulation	of	the	Er3+:4S3/2	manifold	(as	illustrated	in	Figure	4c).	When	
GSET-D	transitions	from	the	4S3/2	manifold	are	deactivated	in	20/20%	Yb3+/Er3+	UCNPs	excited	at	
106	W/cm2,	 the	calculated	τeff	 for	 the	Er3+:4S3/2→4I15/2	 luminescence	 increases	marginally	 from	
93	 to	 122	 µs	 (Figure	 5).	 When	 ETU-D	 transitions	 are	 knocked	 out,	 τeff	 does	 not	 change	
significantly.	 In	 general,	 none	 of	 four,	 single-knockout	 experiments	 resulted	 in	 luminescence	
lifetimes	 that	were	as	 long	as	 the	 low-power	 lifetime	of	679	µs	 at	 10	W/cm2	 (Figure	5).	 This	
result	 reaffirms	 our	 observation	 that	 no	 single	 class	 of	 transitions	 is	 solely	 responsible	 for	
decreasing	the	luminescence	lifetime	in	UCNPs.	The	insensitivity	of	τeff	to	the	removal	of	major	
depopulating	 transitions	 is	 a	 consequence	 of	 the	 many	 ET	 pathways	 through	 which	 energy	
flows	out	of	 the	emitting	manifold.	 	When	a	 single	depopulation	pathway	 is	 blocked,	 energy	
flows	divert	to	alternate	depopulation	pathways,	resulting	in	a	significantly	smaller	effect	on	τeff	
than	expected.	Thus,	the	net	change	in	the	normalized	rate,	1/τeff,	is	damped.	This	robustness	
towards	 perturbation	 is	 a	 third	 characteristic	 that	 UCNP	 ET	 networks	 share	 with	 complex	
systems.		

Double	and	 triple	 knockouts.	 To	 test	whether	multiple	 transitions	act	 cooperatively	 to	
reduce	 luminescence	 lifetimes,	 we	 simultaneously	 knocked	 out	 pairs	 of	 the	 four	 transition	
classes.		As	with	the	single	knockouts,	eliminating	pairs	of	these	classes	only	slightly	increased	
τeff	for	the	green-emitting	level	(Figure	5).		The	largest	lifetime	achieved	after	double	knockouts	
is	ca.	140	µs	for	the	GSET-D/ETU-A	pair	and	for	the	GSET-D/ESCR-D	pair	–	significantly	shorter	
than	 the	 low-power	 target	 of	 679	 µs.	 When	 we	 simultaneously	 knock	 out	 three	 transition	

	
Figure 5. Transition knockout calculations.  Change in effective lifetime τeff after simultaneously knocking out 
combinations of 1, 2, 3, and 4 different transition classes from rate equation calculations.  Knockout 
combinations were formed from the four major classes of transitions (ESCR-D, ETU-A, ETU-D, and GSET-D) 
that originate from the emitting Er3+:4S3/2

 manifold in 20/20% Yb3+/Er3+-doped UCNPs excited at 106 W/cm2 
power density. Hollow, crossed-out circles (⊗) mark the color-labeled transition classes that are knocked out. 
Filled circles (�) denote transition classes that are still active. The red line indicates τeff calculated at 10 W/cm2 
and represents the idealized target (i.e., knockout of all processes that contribute to the power dependence of the 
lifetime). 
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classes	 (Figure	 5),	 more	 substantial	 increases	 in	 the	 lifetimes	 are	 observed	 compared	 to	
pairwise	knockouts,	with	the	 largest	 increase	(to	203	µs)	observed	when	knocking	out	ETU-A,	
ETU-D,	and	GSET-D	 transitions	 simultaneously.	 Surprisingly,	 the	 low-power	 lifetime	 is	 still	not	
recovered	even	when	three	out	of	the	four	major	classes	of	outflows	are	disabled.		

Quadruple	 knockout.	 Finally,	 we	 deactivated	 all	 four	 of	 the	 major	 transition	 types	
simultaneously.	 Without	 these	 transitions,	 τeff	 increased	 to	 285	 µs	 –	 which	 was	 the	 most	
significant	 increase	 in	 lifetime	of	all	of	 the	knockout	experiments.	 It	 is	 surprising	 that	we	still	
only	 recover	42%	of	 the	 low-power	 lifetime	of	679	µs	even	after	 knocking	out	all	 four	major	
sources	of	depopulation.	The	discrepancy	may	arise	 from	the	 fact	 that	 the	 low	power	decays	
originate	 from	 initial	 excited	 state	 populations	 that	 are	 orders	 of	magnitude	 lower	 than	 the	
high-power	knockout	experiments.	Full	 recovery	of	 low-power	 lifetimes	might	be	achieved	by	
knocking	 out	 power-dependent	 transitions	 other	 than	 those	 that	 originate	 from	 the	 4S3/2	
manifold.	

The	 insensitivity	of	 the	 lifetime	 to	knockouts	 could	alternately	be	explained	by	a	 two-

step	 chain	 reaction	 model	 (𝐴
!!" 𝐵

!!"# 𝐶),	 in	 which	 species	 B	 is	 the	 emitter	 (i	 =	 7),	 A	 is	 a	
reservoir	state	that	populates	B	(i.e.,	the	Yb3+	excited	state),	and	kin	and	kout	are	rate	constants.	
When	 kin	 <<	 kout,	 then	 the	 first	 step	 is	 the	 rate	 limiting	 step,	 and	 the	 dynamics	 of	 B	 are	
dominated	by	kin.	 If	 this	mechanism	applied	to	the	 lanthanide	ET	networks	 in	 this	work,	 their	
luminescence	 lifetimes	 would	 be	 less	 sensitive	 to	 knockouts	 of	 outflow	 transitions	 until	 the	
aggregate	outflow	rates	were	 reduced	 to	 the	point	where	 they	were	comparable	with	 inflow	
rates	(see	SI	Section	10	for	detailed	explanation).	However,	we	do	not	believe	that	this	simple	
chain	mechanism	accurately	models	the	complexity	of	lanthanide	ET	networks.	Unlike	the	chain	
model,	 the	calculated	outflow	and	 inflow	rates	are	comparable	 in	magnitude,	with	 𝑛!"#/𝑛!" 	
never	 exceeding	 1.2	 (Figure	 3	 and	 Figure	 S15).	 In	 addition,	 lifetimes	 and	 decay	 traces	 of	 the	
Yb3+:2F5/2	state	show	distinct	dynamics	from	the	Er3+:4S3/2	state	(Figure	S4),	even	though	similar	
dynamics	 are	 predicted	 by	 the	 simple	model.	 	 This	 discrepancy	 is	 understandable,	 since	 the	
convoluted	 and	 non-linear	 ET	 interactions	 are	 not	 captured	 by	 the	 linear	 chain	 mechanism.		
Thus,	we	believe	that	the	network	robustness	is	a	function	of	the	complexity	of	the	ET	network	
rather	than	the	dominance	of	a	single,	rate-limiting	step.	

The	fact	 that	we	need	to	simultaneously	knock	out	all	 four	transition	types	to	achieve	
maximum	 lifetime	 recovery	 indicates	 that	 each	 of	 these	 classes	 play	 a	 role	 in	 the	 cycle	 of	
depopulation	and	re-population	of	the	emitting	state.	To	determine	if	the	contributions	of	each	
class	are	strictly	additive	or	 if	the	transitions	 interact	synergistically,	we	constructed	a	matrix-
based	model	that	takes	into	account	all	2,	3,	and	4-way	interactions	between	the	classes	(i.e.,	
those	 involving	 2,	 3,	 or	 4	 classes),	 as	 described	 by	 Equation	 S10	 and	 Figure	 S12	 in	 the	
Supporting	 Information.	 We	 solved	 Equation	 S10	 using	 the	 knockout	 data	 to	 quantify	 the	
contributions	 from	 each	 interaction	 type	 to	 τeff-1.	 As	 shown	 in	 Figure	 S13,	 20/20%	 Yb3+/Er3+	
UCNPs	excited	at	106	W/cm2	exhibit	strong	individual	contributions	(>3000	s-1)	to	τeff-1	from	the	
GSET-D,	ETU-D,	and	ETU-A	transition	classes,	in	order	of	decreasing	significance.	Several	higher-
order	 interactions,	 particularly	 the	 ETU-A/GSET-D	 pairwise	 interaction	 and	 the	 4-way	
interaction,	have	substantial	positive	contributions	to	τeff-1,	indicating	synergism	between	these	
transition	classes	beyond	the	sum	of	their	individual	contributions.	All	of	the	3-way	interactions	
and	three	pairwise	interactions	have	negative	contributions,	suggesting	that	ET	transitions	can	
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inhibit	each	other.	The	significance	of	these	2,	3,	and	4-way	interactions	demonstrates	that	ET	
interactions	in	UCNPs	are	highly	non-linear,	with	positive	and	negative	feedback	loops	that	are	
characteristic	for	a	photophysical	network	with	such	complex	topology.	

The	strong	contributions	of	high-order	interactions	further	support	our	conclusion	that	
all	 four	 major	 classes	 of	 depopulating	 transitions	 (GSET-D,	 ETU-D,	 ESCR-D,	 and	 ETU-A)	 act	
collectively	and	not	independently	to	shorten	the	lifetime	of	UCNP	luminescence	excited	at	high	
power.	Even	the	GSET-D	transitions,	whose	rates	do	not	vary	with	power,	are	required.	Thus,	all	
of	 the	 interactions	 are	 required	 to	 accurately	model	 the	 power	 dependence	 of	 the	 lifetime.	
These	 models	 inform	 our	 final	 description	 of	 the	 UCNP	 luminescence	 decays	 in	 which	 the	
energy	 stored	 in	 dopant	 excited	 states	 unwinds	 nonlinearly	 over	 time	 through	 a	 complex	
system	 of	 GSET-D,	 ETU-D,	 ESCR-D,	 and	 ETU-A	 transitions.	 The	 power	 dependence	 of	
luminescent	 lifetimes	 thus	originates	 from	 the	dependence	of	 these	networks	on	 the	excited	
state	 populations	 at	 the	 start	 of	 the	 decay,	 which	 are	 determined	 by	 the	 power	 of	 the	
discontinued	excitation	source.	This	history	dependence,	while	expected	for	a	non-equilibrium	
process,	is	the	fourth	and	final	characteristic	of	complex	systems	that	we	observed	in	UCNPs.	

	
Conclusions	

	
In	this	work,	we	elucidate	the	collective	decay	mechanism	that	gives	rise	to	the	power	

dependence	of	 luminescence	 lifetimes	of	UCNPs.	We	conclude	 that	ET	networks	are	complex	
systems	 because	 they	 exhibit	 four	 defining	 characteristics:51	 	 non-linear	 feedback,30,	 60	
collectivity,50	 robustness	towards	perturbation,27	 	and	history	dependence.	These	traits	shape	
the	 power-dependence	 of	 UCNP	 luminescence	 lifetimes	 because	 Er3+	emitting	 states	 are	
depopulated	and	repopulated	at	high	power	 through	the	collective	action	of	many	seemingly	
minor	ET	processes,	rather	than	through	a	single	dominant	pathway.	The	complexity	of	these	
ET	networks	results	in	nonlinear	responses	in	the	lifetime	due	to	positive	and	negative	feedback	
in	 the	 network.	 	 This	 non-linearity	 and	 robustness	 were	 established	 and	 characterized	 by	
systematically	knocking	out	combinations	of	ET	transition	classes.	Finally,	UCNP	 luminescence		
lifetimes	are	history-dependent	because	the	excitation	power	sets	the	initial	populations	of	all	
excited	states,	thereby	determining	ET	rates,	particularly	those	between	pairs	of	excited	states,	
long	 after	 excitation	 is	 discontinued.	 These	 results	 highlight	 that	 UCNP	 ET	 networks	 are	
complex	 systems	 with	 lifetimes	 dramatically	 different	 that	 those	 of	 their	 components,	 i.e.,	
excited	dopants	in	the	network.	

The	results	presented	here	should	stimulate	further	work	on	the	dynamics	of	UCNP	ET	
networks	 and	 their	 applications.	 The	 transition	 classification	 and	 knockout	 scheme	 will	 be	
essential	for	engineering	UCNP	lifetimes	and	energy	transfer.	Our	calculations	demonstrate	that	
since	lanthanide	ET	networks	are	highly	convoluted	and	nonlinear,	knocking	out	small	number	
of	 outflow	 transitions	 does	 not	 result	 in	 a	 significant	 change	 in	 the	 lifetime,	 highlighting	 the	
importance	of	inflows	in	lanthanide	decay	dynamics.	In	the	future,	experimental	techniques	for	
knocking	out	power	dependent	transitions	will	be	combined	with	our	computational	knockout	
approaches	to	further	explore	and	manipulate	the	power	dependent	dynamics	in	UCNPs.		

Finally,	this	work	has	several	key	implications	for	researchers	of	upconversion	and	other	
complex	ET	networks:	
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1. Using	decay	lifetimes	to	measure	transition	rates	in	complex	systems	is	not	straightforward,	
particularly	at	the	high	excitation	powers	typically	used	to	image	single	UCNPs.	 	This	work	
demonstrates	how	the	photophysical	dynamics	of	 lanthanide	excited	states	in	UCNPs,	and	
thus	luminescence	properties,	vary	across	a	broad	range	of	excitation	power	densities	(101	
to	106	W/cm2)	and	dopant	concentrations.	This	suggests	several	guidelines	for	choosing	the	
proper	 excitation	 power	 for	 given	 application.	 For	 photophysical	 characterization,	 TRPL	
measurements	 should	 be	 acquired	 at	 a	 range	 of	 powers	 (e.g.,	 102-105	W/cm2	 for	 single	
UCNPs	or	1-100	W/cm2	 for	ensembles)	 to	document	 the	power	dependence.	Mechanistic	
conclusions	 should	be	drawn	only	 after	 holistic	 photophysical	modeling	 that	 incorporates	
orthogonal	techniques.	To	ensure	reproducibility	in	ET-based	biological	assays	and	imaging	
methods	 that	 use	 lifetimes	 for	 contrast,	 such	measurements	 should	 be	 conducted	 at	 the	
lowest	possible	excitation	fluences,	particularly	for	high	dopant	concentrations.	The	unique	
power-dependence	of	UCNP	lifetimes	indicate	that	higher	powers	can	be	used	to	decrease	
τeff	 to	 increase	 maximum	 scan	 rate	 or	 modulation	 frequency	 for	 applications	 such	 as	
scanning	microscopy.61			

2. In	UCNPs,	the	actual	lifetime	of	a	unit	of	excitation	energy	is	much	shorter	than	the	observed	
luminescence	decay	lifetime.	Individual	dopant	ions	in	UCNPs	cycle	among	their	4fN	excited	
states	on	time	scales	an	order	of	magnitude	faster	than	τeff.	This	suggests	that	the	optical	
properties	 of	 nanoparticles	may	 be	 further	 engineered	 to	modulate	 at	 frequencies	much	
faster	 than	 τeff,	 which	would	 be	 attractive	 for	 applications	 such	 as	 scanning	 and	 super-
resolution	microscopy,	where	 the	 long	 luminescence	 lifetime	 of	UCNPs	 limits	 throughput	
and	resolution.61		

3. Energy	transfer	 in	UCNPs	 is	dependent	on	a	complex	system	of	photophysical	 interactions.	
Similar	 to	 biological	 networks,	 the	 behavior	 of	 these	 networks	 cannot	 be	 understood	 by	
analyzing	 individual	 transitions.	 Instead,	 such	 complex	 networks	 must	 be	 investigated	
holistically,	 aided	 by	 careful	 modeling,	 high-throughput	 screening,	 data	 mining,	 and	
multivariate	 analysis	 of	 many	 configurations,	 as	 we	 have	 shown	 here.	 Although	 the	
networks	 are	 complex,	 the	 analysis	 shown	 here	 (e.g.,	 transition	 knockouts)	 is	 readily	
automated.	Finally,	we	take	 inspiration	 in	 the	 fact	 that	non-linear	biological	networks	can	
precisely	 regulate	 transient	 processes56	 and	 also	 produce	 spontaneous	 patterning	 of	
complex	 structures.62-64	 Thus,	 our	 ability	 to	 understand	 and	 manipulate	 the	 complex	 ET	
networks	 in	 UCNPs	 and	 other	 multi-level	 optical	 materials65-70	 should	 lead	 to	 unique	
opportunities	for	patterning	light	emission	across	time	and	space.	
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