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Table 1 Theoretically allowed transition lines of 5D0 → 7FJ of Eu3+ ions at 32 

crystallographic point groups. 

 

Local 
symmetry 

Point 
group 

The transition lines of 5D0→
7FJ (J = 0,1,2,3,4,5,6)

0 1 2 3 4 5 6 

Triclinic C1 1 3 5 7 9 11 13 
Ci 0 3 0 0 0 0 0 

Monoclinic 
Cs 1 3 5 7 9 11 13 
C2 1 3 5 7 9 11 13 
C2h 0 3 0 0 0 0 0 

Orthorhomic 
C2v 1 3 4 5 7 8 10 
D2 0 3 3 6 6 9 9 
D2h 0 3 0 0 0 0 0 

Tetragonal 

C4 1 2 2 3 5 6 6 
C4v 1 2 2 2 4 4 5 
S4 0 2 3 4 4 5 7 

D2d 0 2 2 3 3 4 5 
D4 0 2 1 3 3 5 4 
C4h 0 2 0 0 0 0 0 
D4h 0 2 0 0 0 0 0 

Trigonal 

C3 1 2 3 5 6 7 9 
C3v 1 2 3 3 5 5 7 
D3 0 2 2 4 4 6 6 
D3d 0 2 0 0 0 0 0 
S6 0 2 0 0 0 0 0 

Hexagonal 

C6 1 2 2 2 2 3 5 
C6v 1 2 2 1 2 2 4 
D6 0 2 1 2 1 3 3 
C3h 0 2 1 3 4 4 4 
D3h 0 2 1 2 3 3 3 
C6h 0 2 0 0 0 0 0 
D6h 0 2 0 0 0 0 0 

Cubic 

T 0 1 1 2 2 3 3 
Td 0 1 1 1 1 1 2 
Th 0 1 0 0 0 0 0 
O 0 1 0 1 1 2 1 
Oh 0 1 0 0 0 0 0 

 

 

 

 

 



Fig.

prov

at 1

vibr

low

of l

rela

(DS

 

 

 

 

 

 

 

 

 

 

. S1 Rama

vided by a c

120.0, 126.

ration energ

wer than that

lanthanide 

atively weak

S)/upconver

an spectrum

continuous-

7, 182.2, 3

gy of tetrago

t of most ox

(Ln3+) dop

k, indicatin

rsion (UC) l

m of LaOB

-wave semic

323.0 and 

onal LaOBr

xides. As a c

pants media

ng that Ln3+

uminescenc

Br nanocrys

conductor l

420.2 cm-1

r. The maxi

consequenc

ated by non

+-doped La

ce efficienci

stals (NCs)

laser diode.

1, which ag

imum phon

ce, photolum

nradiative m

aOBr may 

ies. 

) upon 785

It shows fiv

gree well w

on energy o

minescence 

multiphono

exhibit hig

 

5-nm excita

ve strong p

with the la

of 420.2 cm

(PL) quenc

on relaxatio

gh downshif

ation 

eaks 

attice 

m-1 is 

hing 

on is 

fting 



Fig.

LaO

sam

sign

 

 

 

 

 

 

 

 

 

 

. S2 TEM i

OBr:Yb3+/H

me square n

nificant chan

images of L

Ho3+ NCs w

nanoplates, 

nge in the s

LaOBr:Yb3+

with differen

which ind

ize and mor

+/Ho3+(x/2 m

nt Yb3+ con

dicates that 

rphology of

mol%), x =

ntent were o

the doping

f NCs. 

(a) 10, (b) 

observed to

g of Ln3+ 

 

15, and (c)

o be almost

did not ind

) 20. 

t the 

duce 



Fig.

exci

393

exci

618

tran

mar

emi

 

 

 

 

 

 

 

 

 

. S3 Room-

itation at (a

.8 nm cor

itation at 30

.2, 649.8, 7

nsitions of E

rked as sta

ission bands

-temperature

a) 303.0 nm

rresponding

03.0 nm, ch

701.7 and 

Eu3+ can be

ar symbols.

s were obse

e (RT) emis

m correspon

 to the 7F

haracteristic

748.8 nm a

e observed.

. Interestin

rved. 

ssion spectr

nding to th

F0→
5L6 tra

c sharp emi

attributed t

Peaks assig

ngly, upon 

ra of LaOBr

he charge-tr

nsition of 

ission peaks

o the 5D0 t

gned to the

393.8-nm 

r:Eu3+ (2 mo

ansfer (CT)

Eu3+, resp

s centered a

to 7FJ (J=0

 5D1→
7FJ t

excitation, 

 

mol%) NCs u

) band, and

pectively. U

at 577.9, 59

0, 1, 2, 3, 4

transitions w

much bro

upon 

d (b) 

Upon 

95.5, 

4, 5) 

were 

oader 



Fig.

303

ban

RT. 

mor

 

. S4 PL em

.0 and (b) 3

ds are still b

As such, it

re than one 

mission spe

393.8 nm fr

broad even 

t is deduced

type of site

ctra of LaO

rom 30 to 2

at 30 K, wh

d that Eu3+ i

s. 

OBr:Eu3+ (2

70 K. Upon

hich rules o

ons in the a

2 mol%) N

n excitation

out the effec

as-prepared 

NCs upon e

n at 393.8 nm

ct of therma

LaOBr NC

 

excitation a

m, the emis

al broadenin

Cs might occ

t (a) 

ssion 

ng at 

cupy 



Fig.

thro

repr

proc

on t

and 

dop

from

Log

pow

ther

2.17

occu

 

 
. S5 (a) En

ough sensit

resent photo

cesses, resp

the energy t

transfers t

ped concent

m Ho3+ to

g-log plots 

wer density 

rmally coup

7±0.04 and 

urred via a t

nergy-level 

tization of 

on excitatio

pectively. Fo

transfer UC

he energy t

tration of Y

o Yb3+ ha

of the UC

for LaOBr

pled 5F4/
5S2 

2.34±0.04,

two-photon

diagram s

Yb3+. The

on, energy 

or LaOBr:Y

 (ETU) pro

to the neigh

Yb3+ increa

appens: 5S

C emission 

r:Yb3+/Ho3+

multiplets 

, respective

n process. 

showing up

e dash-dotte

transfer, m

Yb3+/Ho3+, t

ocess, where

hboring Ho

ases, more e

S2(Ho3+)+2F

intensity v
+ (20/2 mol

to 5I8 trans

ely, which d

conversion 

ed, dashed,

multiphonon

the UC lum

e Yb3+ sequ

o3+ followed

efficient en

F7/2(Yb3+)→

versus near-

%) NCs. T

sitions of H

demonstrate

(UC) proc

, dotted, a

n relaxation

minescence i

ential absor

d by UC em

nergy back 
5I6(Ho3+)+2

-infrared (N

The slopes f

o3+ were de

es that both

 
cesses for H

and full arr

n, and emis

is mainly b

rbs two pho

mission. As

transfer (E
2F5/2(Yb3+). 

NIR) excita

for 5F5 and

etermined t

h UC emiss

Ho3+ 

rows 

ssion 

ased 

otons 

s the 

EBT) 

(b) 

ation 

d the 

to be 

sions 



Fig.

gree

to 1

 

 

 

. S6 UC sp

en emission

5, 20 mol%

ectra of La

ns became w

% in LaOBr:

OBr:Yb3+/H

weaker as th

Yb3+/Ho3+ N

Ho3+ (10, 15

he doped con

NCs. 

5, 20/2 mol

ncentration 

l%) NCs. B

of Yb3+ inc

 

Both the red

creased from

d and 

m 10 



Fig.

dop

repr

proc

state

abso

then

emi

proc

neig

incr
4S3/2

inte

The

mul

whi

. S7 (a) En

ped LaOBr 

resent photo

cesses, resp

e absorptio

orbs one ph

n absorbs an

ission. For 

cess, where

ghboring E

reases, m

2(Er3+)+2F7/

ensity versu

e slopes for

ltiplets to 4

ich demonst

nergy-level 

NCs, respe

on excitatio

pectively. Fo

on (GSA) a

hoton to exc

nother phot

LaOBr:Yb3

e Yb3+ sequ

r3+ followe

more eff

/2(Yb3+)→4I

us NIR exci

r the UC em
4I15/2 were 

trates that b

diagrams 

ectively. Th

on, energy 

or LaOBr:E

and excited

cite the gro

ton to reach
3+/Er3+, the 

uential abso

ed by UC e

ficient E

I13/2(Er3+)+2

tation powe

missions fr

determined

both emissio

showing U

he dash-dot

transfer, m

Er3+, the UC

d state abso

ound state (4

h the second

UC lumine

orbs two ph

emission. A

EBT from
2F5/2(Yb3+).

er density f

rom 4F9/2 an

d to be 2.2

ons were rea

UC processe

tted, dashed

multiphonon

C luminescen

orption (ES
4I15/2) to the

d excited st

escence is m

hotons and t

As the dop

m Er3+

(b) Log-log

for LaOBr:Y

nd the ther

25±0.06 and

alized via a 

 

es for Er3+ 

d, dotted, a

n relaxation

nce is based

SA) process

e first excit

ate (4F7/2) f

mainly base

transfers th

ped concent

to Yb

g plots of th

Yb3+/Er3+(5

rmally coup

d 1.99±0.0

two-photon

+ and Yb3+/

and full arr

n, and emis

d on the gro

ses, where 

ted state (4I

followed by

ed on the E

he energy to

tration of Y

b3+ happ

he UC emis

5/2 mol%) N

pled 2H11/2/
4

9, respectiv

n process. 

/Er3+ 

rows 

ssion 

ound 

Er3+ 

I11/2), 

y UC 

ETU 

o the 

Yb3+ 

pens: 

ssion 

NCs. 
4S3//2 

vely, 



Fig.

lum

from

 

 

 

 

 

 

 

 

. S8 UC 

minescence i

m 5 to 10 m

spectra of 

intensity de

mol%. 

LaOBr:Yb

ecreased w

b3+/Er3+ (0,

with the dop

5, 10/2 m

ped concent

mol%) NC

tration of Y

 

Cs. The ov

Yb3+ increa

verall 

asing 



Fig.

1,2-

000

OA

peak

stret

with

stret

was

 

 

 

 

 

. S9 Four

-distearoyl-s

0] (DSPE-PE

-NCs, the p

ks at 2922

tching vibr

h functiona

tching of C

s successful

rier transfo

sn-glycero-

EG) phosph

peak at 300

2 and 2851

rations of -C

al phosphol

C-O-C from 

ly assemble

orm infrare

3-phosphoe

holipid (Lip

06 cm-1 was

 cm-1 were

CH2- in the

lipids, a ne

PEG appea

ed on the OA

ed (FTIR)

ethanolamin

po) capped L

s attributed

e attributed

e long alky

ew peak of

ared, indicat

A-NCs surf

 

 

spectra fo

ne-N-[metho

LaOBr NCs

d to the C-H

d to the as

yl chain of O

f 1101 cm-

ting that the

face via self

or oleic a

oxy(polyeth

s. In the FT

H stretching

symmetric 

OA. After 
-1 ascribed 

e DSPE-PE

f-assembly. 

 

acid (OA) 

hyleneglyco

TIR spectrum

g vibration,

and symm

surface coa

to asymm

EG phospho

and 

ol)-2

m of 

and 

metric 

ating 

metric 

lipid 



Fig.

dete

pho

Lipo

was

incr

pho

 

 

 

 

. S10 (a) ζ-

ermined to 

ospholipid o

o-LaOBr N

s determined

rease of ~1

ospholipids. 

-potential o

be -4.5 m

on the surfa

NCs disperse

d to be 91.4

17 nm in d

f Lipo-LaO

mV, confirm

ace of the N

ed in water

4 nm. In co

diameter is 

OBr NCs di

ming the su

NCs. (b) Hy

r (pH = 7.0

omparison w

due to the

 

spersed in w

uccessful co

ydrodynam

0). The mea

with the OA

e existence 

water. The 

onjugation 

ic diameter

an hydrodyn

A-capped NC

of monola

 
ζ-potential 

of DSPE-P

r distributio

namic diam

Cs (74 nm)

ayer PEGyl

was 

PEG 

on of 

meter 

, the 

lated 



Fig.

with

cont

dete

untr

incu

con

bioc

bios

 

. S11 Viabi

h Lipo-LaO

taining diff

ermined on 

reated cells

ubation wit

centrations 

compatible 

sensing. 

ility of hum

OBr:Yb3+/Er

fferent conc

the basis o

s without 

th NCs, th

(1000 μg

and essent

man embryo

r3+ NCs. T

centrations 

of methylthi

the additio

he cell viab

g/mL) of N

tially nonto

o lung fibro

The HELF

of NCs fo

iazolyltetraz

on of NCs

bility still 

NCs, which

oxic to live

oblasts (HE

cells were

or 24 h, a

zolium (MT

 was assu

remained a

h indicates

cells, allow

ELF) cells a

grown wit

nd the cell

TT) assay. T

umed to be

above 95%

s that the 

wing for sa

 
after incuba

th the med

ll viability 

The viabilit

e 100%. U

% even at 

Lipo-NCs 

afe lumines

ating 

dium 

was 

ty of 

Upon 

high 

are 

scent 


