
	 1	

X-ray	switch	for	rare	earth	element	adsorption	to	a	liquid	interface	1	

Pan	Sun1,2*,	Erik	A.	Binter1,	Bikash	Sapkota1,	M.	Alex	Brown3,	Artem	V.	Gelis4,	Mrinal	K.	2	
Bera2,	Binhua	Lin2,	Wei	Bu2*,	Mark	L.	Schlossman1*	3	

1Department	of	Physics,	University	of	Illinois	at	Chicago,	Chicago,	IL	60607,	USA.	4	
2NSF’s	ChemMatCARS,	Pritzker	School	of	Molecular	Engineering,	University	of	Chicago,	Chicago,	IL	60637,	5	
USA.	6	
3Chemical	and	Fuel	Cycle	Technologies	Division,	Argonne	National	Laboratory,	Lemont,	IL,	60439,	USA.	7	
4Radiochemistry	Program,	Department	of	Chemistry	and	Biochemistry,	University	of	Nevada,	Las	Vegas,	NV,	8	
89141,	USA.	9	
	10	
*Corresponding	authors:	Pan	Sun,	Wei	Bu,	Mark	L.	Schlossman	11	
*E-mail:	sunp@ornl.gov,	weibu@uchicago.edu,	schloss@uic.edu.	12	
		13	
ORCID:	14	
Pan	Sun:	0000-0002-6128-8656	15	
Erik	A.	Binter:	0000-0002-0520-3056	16	
Bikash	Sapkota:	0000-0001-8204-9673	17	
M.	Alex	Brown:	0000-0002-6223-561X	18	
Artem	V.	Gelis: 0000-0002-5487-1472 19	
Mrinal	Bera:	0000-0003-0698-5253	20	
Binhua	Lin:	0000-0001-5932-4905	21	
Wei	Bu:	0000-0002-9996-3733	22	
Mark	L.	Schlossman:	0000-0003-3238-1250	23	
	24	
Competing	Interest	Statement:	The	authors	declare	no	competing	interest.	25	
Keywords:	reversible	adsorption,	lanthanides,	liquid	interfaces,	X-ray	exposure,	chemical	separation	 	26	

https://doi.org/10.26434/chemrxiv-2024-p3h84 ORCID: https://orcid.org/0000-0002-6128-8656 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-p3h84
https://orcid.org/0000-0002-6128-8656
https://creativecommons.org/licenses/by/4.0/


	 2	

Abstract	27	

Reversible	 cycling	of	 rare	 earth	 lanthanide	elements	between	 an	electrolyte	 solution	and	 its	 free	28	

surface	is	achieved	by	X-ray	exposure	which	alters	the	competitive	equilibrium	between	lanthanide	29	

ions	bound	to	a	chelating	ligand,	DTPA,	in	the	bulk	liquid	and	to	insoluble	monolayers	of	extractant	30	

DHDP	at	its	surface.	Evidence	for	the	exposure-induced	temporal	variations	in	the	lanthanide	surface	31	

density	 is	 provided	 by	 X-ray	 fluorescence	 near	 total	 reflection	measurements.	 Varying	 the	 X-ray	32	

penetration	depth	between	10	nm	and	2.8	µm	separates	surface	and	bulk	processes	which	identifies	33	

the	 role	of	 aqueous	 radiolysis	 in	 the	adsorption	cycle.	Comparison	of	different	 chelates	 identifies	34	

amine	binding	sites	as	a	contributor	to	the	cycling	mechanism.	The	primary	molecules,	DTPA	and	35	

DHDP,	 are	 like	 those	 used	 in	 the	 separation	 of	 lanthanides	 from	ores	 and	 in	 the	 reprocessing	 of	36	

nuclear	 fuel.	 Controllably	 dosing	 a	 liquid	 interface	 with	 lanthanides	 could	 trigger	 a	 range	 of	37	

interfacial	 processes,	 including	 enhanced	 metal	 ion	 extraction,	 catalysis,	 and	 interfacial	 phase	38	

transitions.	 	39	
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Introduction	40	

Ions	 at	 liquid	 interfaces	 play	 a	 central	 role	 in	 many	 processes,	 including	 materials	41	

development	where	 they	 influence	molecular	 and	 particle	 assembly,1-5	 and	 chemical	 separations	42	

where	they	determine	the	efficiency	and	selectivity	of	critical	element	recovery.6-11	Many	of	these	43	

interfacial	processes	rely	upon	neighboring	bulk	phases	as	a	reservoir	of	ions.	Such	processes	can	be	44	

influenced	 by	 controlling	 the	 properties	 of	 the	 reservoir,	 such	 as	 the	 concentration	 of	 free	 ions	45	

available	to	be	transported	to	the	interface.	Control	over	this	transport,	from	bulk	to	interface	and	46	

back,	can	lead	to	the	triggering	of	interfacial	processes	as	demonstrated	by	electrochemical	methods	47	

for	 the	 liquid-liquid	 interface	 between	 two	 immiscible	 electrolyte	 solutions.12,13	 Here,	 we	48	

demonstrate	that	exposure	to	X-rays	provides	a	method	to	move	rare	earth	lanthanide	ions	between	49	

bulk	liquid	and	its	liquid-vapor	interface.	This	method	utilizes	complexants	and	extractants	like	those	50	

used	in	solvent	extraction	processes	to	separate	and	purify	lanthanides	and	actinides.		51	

Rare	 earth	 elements	 are	 used	 in	 many	 advanced	 technologies,	 including	 permanent	52	

magnets,14	 supercapacitors,15	 superconductivity,16	 and	 sustainable	 energy	 systems.17	 Solvent	53	

extraction	processes	to	separate	and	purify	rare	earth	ions	from	multi-component	aqueous	mixtures	54	

involve	placing	the	aqueous	phase	in	contact	with	an	organic	phase	containing	amphiphilic	extractant	55	

molecules	that	interact	with	the	targeted	ions	and	transport	them	into	the	organic	phase	for	further	56	

processing.18,19	 	Extractants	are	believed	 to	complex	with	 ions	at	 the	 interface,	and	recent	studies	57	

have	 suggested	 that	 complexation	 of	 ions	 with	 extractants	 in	 the	 bulk	 aqueous	 phase	 is	 not	58	

advantageous	 to	 the	 intended	 extraction.20	 Nevertheless,	 other	 molecules,	 denoted	 aqueous	59	

complexants,	are	utilized	to	complex	with	specific	ions	in	the	bulk	aqueous	phase,	preventing	them	60	

from	interacting	with	extractants	and	being	extracted	into	the	organic	phase.	This	has	been	used	to	61	

advance	the	separation	of	actinides	and	 lanthanides,	where	complexants	such	as	DTPA	hold	back	62	

actinides	in	the	aqueous	phase	while	lanthanides	are	extracted	into	the	organic	phase.21,22		63	

The	 competing	 effects	 of	 extractants	 and	 complexants	 contribute	 to	 the	 equilibrium	64	

distribution	of	 ions	 in	bulk	and	 interfacial	 liquids.	The	concentration	and	 type	of	extractants	and	65	

complexants,	 as	well	 as	 the	 pH,	 temperature,	 the	 choice	 of	 solvents,	 and	 the	 target	 ions	 are	 the	66	

primary	variables	used	to	control	extraction.23	Kinetics	(diffusive	or	molecular)	can	also	enhance	the	67	

fractionation	of	ions.24	Here,	we	introduce	another	variable	and	demonstrate	that	the	equilibrium	ion	68	

distribution	can	be	altered	by	exposing	the	bulk	liquid	to	X-rays,	thereby	producing	a	controllable	69	

and	reversible	transport	of	ions	between	bulk	liquid	and	a	liquid-vapor	interface.	It	is	known	that	70	

aqueous	radiolysis	produces	H	and	OH	radicals,	as	well	as	hydrated	electrons	that	react	with	a	wide	71	
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range	of	solutes,	which	have	been	implicated	in	the	reprocessing	of	nuclear	fuel.25,26	These	products	72	

of	aqueous	radiolysis	are	likely	responsible	for	the	effects	reported	here.	73	

The	temporal	evolution	towards	a	new	equilibrium	state	is	probed	by	X-ray	fluorescence	near	74	

total	reflection	(XFNTR),	a	technique	that	measures	the	element-specific	surface	density	of	ions	at	75	

the	interface.27	XFNTR	measurements	of	5	seconds	duration	allow	us	to	vary	the	X-ray	exposure	while	76	

measuring	 the	 surface	 density	 of	 ions.	 Continuous	 XFNTR	 measurements	 maximize	 the	 total	77	

exposure,	 while	 infrequent	 measurements	 without	 X-ray	 exposure	 between	 them	 are	 used	 to	78	

minimize	the	total	exposure	of	the	sample.		X-ray	exposure	effects	are	probed	by	experiments	that	79	

vary	the	X-ray	penetration	depth	and	the	aqueous	pH,	as	well	as	utilize	different	complexants	and	80	

rare	 earth	 ions.	 A	 simple	 model	 of	 the	 kinetics	 summarizes	 the	 approach	 to	 equilibrium	 of	 the	81	

transport	of	ions	from	bulk	liquid	to	interface	and	back.	These	experiments	demonstrate	a	method	82	

to	reversibly	control	the	availability	of	rare	earth	ions	at	liquid	interfaces.		83	

Results	and	Discussion	84	

Reversible	 cycling	of	Nd	adsorption	 Controlled	 and	 reversible	 adsorption	of	 rare	 earth	85	

neodymium	 ions	 to	 the	 water-vapor	 interface	 was	 implemented	 by	 altering	 the	 competitive	86	

equilibrium	between	Nd3+	bound	to	a	chelating	ligand	DTPA	(Fig.	1A)	dissolved	in	water	and	to	an	87	

insoluble	monolayer	of	DHDP	(Fig.	1A)	spread	on	the	water	surface.	Exposure	of	the	water	surface	88	

and	 nearby	 bulk	 solution	 to	 10	 keV	 X-rays	 alters	 the	 equilibrium	 between	 these	 two	 bound	89	

complexes,	leading	to	the	reversible	transport	of	ions	between	surface	and	bulk	liquid	as	illustrated	90	

schematically	in	Figs.	1B	and	1C.	X-ray	exposure	releases	Nd3+	ions	bound	to	DTPA,	allowing	them	to	91	

bind	to	the	DHDP	monolayer	(Fig.	1B).	Removing	the	continuous	exposure	of	X-rays	allows	the	DTPA	92	

to	dominate	the	binding	equilibrium	once	again	and	Nd3+	ions	leave	the	surface	to	bind	to	DTPA	in	93	

the	bulk	aqueous	phase	(Fig.	1C).	94	

	95	
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	96	

Figure	1.	The	effect	of	 cycling	X-ray	exposure	on	 the	surface	adsorption	of	Nd3+.	A	monolayer	of	97	
DHDP	is	held	at	a	surface	pressure	of	10	mN/m	on	the	surface	of	water	containing	30	μM	DTPA,	which	98	
is	 a	 chelating	 agent,	 and	 10	 μM	 NdCl3.	 (A)	 DHDP	 (dihexadecyl	 phosphoric	 acid)	 and	 DTPA	99	
(diethylenetriamine	 pentaacetic	 acid).	 (B)	 Illustration	 of	 the	 X-rays-on	 steady	 state	 with	 a	 high	100	
surface	 density	 of	 ions.	 Ions	 are	 colored	 magenta,	 DHDP	 monolayer	 at	 the	 surface	 with	 red	101	
phosphoric	 acid	 headgroups	 and	 black	 alkyl	 chains,	 and	 DTPA	 in	 the	 bulk	 (black	 cages).	 Red	102	
background	indicates	that	X-rays	expose	the	surface	and	bulk.	(C)	Illustration	of	the	X-rays-off	steady	103	
state	with	a	low	surface	density	of	ions	and	most	ions	bound	to	DTPA	in	the	bulk	aqueous	solution	104	
shown	in	green.	(D,	E)	Temporal	evolution	of	the	Nd	surface	density	measured	for	three	cycles	at	105	
aqueous	 pH	 of	 (D)	 3.0	 and	 (E)	 4.5.	 Each	 cycle	 consists	 of	 an	 X-ray	 exposure	 (“X-rays	 on”)	 and	106	
subsequent	recovery	(“X-rays	off”).	X-rays-on	refers	to	continuous	exposure	of	the	sample	to	X-rays	107	
with	ongoing	XFNTR	measurements	of	5	seconds	duration.	X-rays-off	refers	to	a	5-second	XFNTR	108	
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measurement	every	5	minutes	without	X-ray	exposure	between	measurements.	Times	marked	“0”	109	
indicate	when	the	X-rays-on	or	X-rays-off	step	started.	The	color	strip	at	the	bottom	of	each	panel	110	
also	identifies	the	X-ray	exposure	(red	for	on,	green	for	off).	X-ray	exposures	and	measurements	were	111	
made	at	Qz	=	0.025	Å-1,	which	exposes	both	the	surface	and	the	bulk	aqueous	phase	within	a	 few	112	
micrometers	of	the	surface.	Lines	are	fits	described	later	in	the	text.		113	

Evidence	for	the	controlled	cycling	of	Nd3+	ions	between	the	bulk	and	surface	of	the	aqueous	114	

solution	is	shown	in	Fig.	1.	Figures	1D	and	1E	show	the	temporal	evolution	of	the	surface	density	of	115	

Nd	during	three	consecutive	cycles	of	X-ray	exposure.	Each	cycle	consists	of	two	steps:	X-rays-on	and	116	

X-rays-off.	X-rays-on	refers	to	continuous	exposure	of	the	sample	to	X-rays.		During	this	exposure	the	117	

element-specific	 surface	 density	 was	 measured	 by	 synchrotron	 X-ray	 fluorescence	 near	 total	118	

reflection	(XFNTR,	see	Section	S1	and	Fig.	S2	in	the	SI).27	The	X-ray	fluorescence	was	generated	by	X-119	

rays	incident	on	the	surface	at	an	angle	that	is	slightly	above	the	angle	for	total	reflection.	These	X-120	

rays	illuminate	the	surface	region	and	transmit	into	the	bulk	aqueous	phase	with	a	penetration	depth	121	

(normal	to	the	surface)	of	2.8	µm.	XFNTR	measurements	last	5	seconds	each	and	occur	continuously	122	

during	 the	X-rays-on	 exposure.	 X-rays-off	 refers	 to	 a	 greatly	 reduced	 exposure	 of	 the	 sample	 for	123	

which	a	5-second	XFNTR	measurement	occurs	once	every	5	minutes	but	without	X-ray	exposure	124	

between	measurements.	These	experimental	results	were	obtained	from	samples	of	a	composition	125	

and	pH	for	which	DTPA	is	expected	to	chelate	nearly	100%	of	the	Nd3+	ions	in	solution	in	the	absence	126	

of	other	molecules,	such	as	the	DHDP	monolayer,	or	effects	such	as	X-ray	exposure	(Fig.	S1B).		Figures	127	

1D	and	1E	show	that	the	surface	density	of	Nd	increases	during	the	X-rays-on	step	and	decreases	128	

during	the	X-rays-off	step	of	each	cycle.	129	

Effect	 of	 X-ray	 exposure	 on	 DHDP	 and	 DTPA	 The	 measurements	 in	 Fig.	 1D/E	 can	 be	130	

explained	as	the	result	of	two	aspects	of	X-ray	exposure:	unbinding	of	ions	from	the	DHDP	monolayer	131	

and	unbinding	of	ions	from	DTPA.	XFNTR	measurements	of	the	temporal	evolution	of	the	Nd	surface	132	

density	 from	 samples	 without	 DTPA	 in	 the	 aqueous	 phase	 are	 shown	 in	 Figure	 2.	 These	133	

measurements	demonstrate	that	the	surface	density	of	Nd	bound	to	the	DHDP	monolayer	decreases	134	

with	 time	when	 the	 sample	 is	 continuously	 exposed	 to	 X-rays.	 It	 is	 important	 to	 note	 that	 other	135	

authors	have	used	XFNTR	to	measure	stable	surface	densities	of	lanthanide	and	other	ions	bound	to	136	

DHDP	monolayers	on	the	surface	of	water	and	we	also	present	evidence	of	stable	measurements	in	137	

the	SI	(Fig.	S3).20,27	Stable	measurements	can	be	obtained	by	introducing	absorber	foils	into	the	X-ray	138	

beam	to	reduce	the	X-ray	flux	below	a	critical	value.	The	measurements	in	this	paper	used	X-ray	beam	139	

fluxes	of	3	x	1010	photons/s	which	were	roughly	four	times	this	critical	value	to	achieve	the	measured	140	

effects	(Section	S2).		141	
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	142	

Figure	2.		The	effect	of	X-ray	exposure	on	the	desorption	of	Nd	from	a	surface	monolayer	of	DHDP	in	143	
the	absence	of	DTPA.	The	monolayer	was	held	at	a	surface	pressure	of	10	mN/m	on	the	surface	of	144	
water	containing	10	μM	NdCl3.	XFNTR	measurements	of	Nd	surface	density	under	continuous	X-ray	145	
exposure	with	(A)	total	reflection	of	X-rays	at	Qz	=	0.018	Å-1,	which	exposes	the	surface	region	with	a	146	
penetration	depth	of	10	nm,	and	(B)	X-ray	reflection	at	Qz	=	0.025	Å-1,	which	exposes	the	surface	and	147	
the	bulk	aqueous	phase	with	a	penetration	depth	of	2.8	µm.	Values	of	pH	are	4.5	(blue),	3.0	(magenta),	148	
2.5	(orange).	Two	lines	in	(B)	are	fits	described	in	the	text.	149	

The	measurements	in	Fig.	2B	were	taken	under	similar	conditions	as	those	in	Fig.	1,	however,	150	

the	measurements	in	Fig.	2A	were	taken	with	X-rays	reflected	at	a	smaller	angle	of	incidence,	one	151	

which	is	below	the	angle	of	total	reflection.	In	this	case,	X-rays	are	totally	reflected	from	the	surface	152	

at	a	wave	vector	 transfer	of	Qz	=	0.018	Å-1.	Total	 reflection	creates	an	evanescent	wave	of	X-rays	153	

whose	penetration	depth	into	the	water	is	10	nm,	which	is	280	times	smaller	than	the	penetration	154	

depth	when	Qz	=	0.025	Å-1	(above	the	angle	of	total	reflection)	used	for	the	measurements	in	Figs.	1	155	

and	2B.	Greater	penetration	of	X-rays	into	the	water	exposes	a	greater	volume	of	water	to	X-rays	and	156	

produces	a	larger	decay	of	Nd	surface	density	for	pH	≤	3.0,	as	illustrated	by	comparing	Fig.	2B	to	Fig.	157	

2A.	This	suggests	that	the	radiolysis	of	water	by	X-rays	produces	species	that	interact	with	DHDP	to	158	

release	Nd	 ions.	 The	 larger	 effects	 observed	 at	 lower	 pH	 in	 Fig.	 2B	 are	 consistent	with	 previous	159	

reports	of higher yields of radiolytic species in acidic media than in alkaline media.28 160	

The	XFNTR	measurements	shown	in	Fig.	2A	and	Fig.	2B	were	measured	from	the	same	sample	161	

for	a	given	value	of	pH.	Measurements	in	Fig.	2A	were	taken	first	from	one	spot	of	the	sample	surface,	162	

then	the	beam	was	moved	to	another	spot	for	the	measurements	in	Fig.	2B,	with	a	time	delay	of	about	163	

2	minutes.	Control	experiments	showed	that	 the	second	spot	was	 far	enough	 from	the	 first	 to	be	164	

unaffected	 by	 direct	 X-ray	 exposure	 of	 the	 first	 spot.	 The	 near	 equivalence	 of	 the	 final	 values	 of	165	

surface	density	in	Fig.	2A	to	the	initial	values	in	Fig.	2B	shows	that	the	temporal	evolution	in	Fig.	2A	166	

was	due	to	X-ray	exposure	that	affected	the	entire	sample,	not	just	the	part	of	the	sample	within	the	167	
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X-ray	 footprint.	 Ozone	 produced	 by	 X-rays	 in	 the	 vapor	 above	 the	 sample	 surface	 might	 be	168	

responsible	for	the	changes	observed	in	Fig.	2A,	despite	attempts	to	purge	oxygen	from	the	vapor	by	169	

a	helium	flow.	These	effects	were	not	observed	at	lower	X-ray	exposure	(Fig.	S3).	170	

Figure	1	shows	that	the	initial	measurement	in	each	cycle	starts	with	a	low	surface	density	of	171	

Nd.	For	example,	the	first	data	point	measured	for	pH	4.5	samples	represents	a	surface	density	of	172	

0.02	ions	nm-2.	It	will	be	shown	later	that	the	surface	density	of	Nd	remains	at	this	low	value	for	the	173	

duration	of	a	long	exposure	when	X-rays	illuminate	only	the	surface	by	reflecting	at	Qz	=	0.018	Å-1,	174	

which	is	below	the	angle	of	total	reflection.	This	suggests	that	either	direct	X-ray	exposure	of	DTPA	175	

in	the	bulk	water	is	required	to	release	Nd	ions	from	DTPA,	or	that	radiolysis	products	from	the	bulk	176	

water	are	required	to	release	Nd	ions	from	DTPA.	Released	Nd	ions	are	then	free	to	diffuse	to	the	177	

surface	and	adsorb	to	DHDP.	178	

Kinetics	model	of	reversible	adsorption	cycling	The	effects	of	X-ray	exposure	are	modeled	179	

to	fit	the	Nd	surface	density	data	in	Fig.	1D/E.	The	total	Nd	surface	density	under	X-rays-on	conditions,	180	

𝑛!"
#$#,$&	,	was	fit	to	the	Nd	surface	density	that	desorbs	from	the	surface,	𝑛!"

"'(,$&	,	subtracted	from	the	181	

Nd	surface	density		that	adsorbs	to	the	surface,	𝑛!"
)",$&,	182	

𝑛!"
#$#,$& = 𝑛!"

)",$& − 𝑛!"
"'(,$& + 𝑏, (1) 183	

where	the	constant	b	represents the initial value of the ion surface density for the X-rays-on part of 184	

a cycle.	185	

The	 adsorption	 process	 likely	 consists	 of	 several	 steps:	 release	 of	 Nd	 ions	 from	 DTPA	186	

dissolved	 in	 the	 aqueous	phase,	 diffusion	of	Nd	 ions	 to	 the	 surface,	 and	 adsorption	 to	 the	DHDP	187	

monolayer	at	the	surface.	The	temporal	variation	of	the	surface	density	𝑛!"
)",$&	is	approximated	by	an	188	

exponential	function,	189	

𝑛!"
)",$& = 𝑎(1 − 𝑒*+!#), (2) 190	

where	the	constant	a	represents	the	increase	in	ion	surface	density	due	to	X-ray	exposure	that	would	191	

occur	from	t	=	0	to	∞,	and	k1	is	an	inverse	time	constant	of	the	process.			192	

The	desorption	process	includes	the	unbinding	of	Nd	ions	from	the	DHDP	monolayer	due	to	193	

X-ray	exposure,	as	well	as	the	diffusion	of	the	ion	out	of	the	surface	region.	This	process	is	modeled	194	

for	pH	3.0	and	pH	4.5	by	fitting	the	data	in	Fig.	2B,	which	was	measured	in	the	absence	of	DTPA,	to	195	
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an	exponential	decay,	𝑐𝑒*+"# + 𝑑.	The	amplitude	c	and	constant	k2	were	determined	separately	for	196	

the	pH	3.0	and	pH	4.5	data	in	Fig.	2B,	then	used	to	parameterize	the	surface	density		𝑛!"
"'(,$& ,	197	

𝑛!"
"'(,$& = 𝑐(1 − 𝑒*+"#), (3) 198	

where	the	constant	c	represents	the	decrease	in	ion	surface	density	due	to	X-ray	exposure	that	would	199	

occur	from	t	=	0	to	∞,	and	k2	is	an	inverse	time	constant	of	the	process. 200	

Substituting	Eqs.	(2)	and	(3)	into	Eq.	(1)	yields	an	expression	used	to	fit	the	data	in	Fig.	1	201	

measured	under	X-rays-on	conditions,	202	

𝑛!"
#$#,$& = 𝑎(1 − 𝑒*+!#) + 𝑏 − 𝑐(1 − 𝑒*+"#).	 (4)	203	

Values of c	and	k2 were taken from the fits to the data shown in Fig. 2B, then used to fit a, b, and 204	

k1 to the X-rays-on data in Fig. 1, separately for each pH and cycle. Note that the sum a + b – c is 205	

the steady state value if 𝑡 → ∞ under X-rays-on conditions. 206	

The	 X-rays-off	 process	 shown	 in	 Fig.	 1	 represents	 the	 release	 of	Nd	 ions	 from	 the	DHDP	207	

monolayer	to	bind,	presumably,	to	the	DTPA	in	the	bulk	water.	The	total	Nd	surface	density	under	X-208	

rays-off	conditions		𝑛!"
#$#,$,, 		was	fit	to	the	data	in	Fig.	1	with	an	exponential,	209	

𝑛!"
#$#,$,, = 𝑓𝑒*+## + 𝑔, (5) 210	

where f, g, and k3 are	constants	determined	by	fitting	and g is the steady state value if 𝑡 → ∞ under 211	

X-rays-off conditions. The fitted parameters to the X-rays-on and X-rays-off data in Fig. 1 are 212	

provided in Table 1. 213	

The	inverse	rate	constants	in	Table	1	have	values	on	the	order	of	hundreds	of	seconds,	which	214	

likely	 reveals	 the	 diffusive	 nature	 and	 complexity	 of	 each	 process	 in	 the	model.	 For	 example,	 k1	215	

characterizes	 a	 process	which	 could	 involve	 X-rays	 producing	 radiolysis	 products	 that	 diffuse	 to	216	

DTPA,	releasing	Nd	ions	which	then	diffuse	to	the	surface	and	bind	to	DHDP.	Alternatively,	k1	could	217	

represent	the	effect	of	direct	release	of	Nd	ions	by	X-ray	exposure	but	would	still	involve	diffusion	of	218	

Nd	ions	from	DTPA	in	the	bulk	water	to	DHDP	at	the	surface.	Similarly,	the	constant	k2	for	pH	3.0	219	

samples	involves	the	production	of	radiolysis	products	in	the	bulk	water	which	diffuse	to	DHDP	at	220	

the	surface	to	release	Nd	ions,	though	the	constant	k2	for	pH	4.5	data	appears	to	represent	an	X-ray	221	

exposure	process	independent	of	radiolysis	effects.	Finally,	the	constant	k3,	which	characterizes	the	222	

X-rays-off	part	of	 the	cycle	represents	the	equilibration	between	a	strongly	binding	DTPA	in	bulk	223	

water	and	a	weaker	binding	DHDP	at	the	surface	when	the	initial	condition	contains	an	excess	of	ions	224	
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at	the	surface.	This	process	has	a	long	time	constant	and	may	involve	diffusion	of	DTPA	to	the	surface	225	

region.	226	

 227	

TABLE	1	Parameters	from	equations	(3)	and	(4)	used	to	fit	the	data	in	Fig.	1.	Parameters	k2	and	c	are	228	

taken	from	fits	to	the	data	in	Fig.	2B.		229	

   pH 3.0 pH 4.5  

X-rays	on	
k1	

(10-3	s-1)	
𝑘!"!	
(s)	

k2	
(10-3	s-1)*	

a+b-c	
(ions/nm2)	 	

k1	
(10-3	s-1)	

𝑘!"!	
(s)	

k2	
(10-3	s-1)*	

a+b-c	
(ions/nm2)	

1st	cycle	 3.8#.%#.&	 260'#'#	 2.8#.(#.(	 0.18#.#%#.#'	 	 7.9#.%#.(	 126)*	 1.8#.(!.#	 0.47#.#&#.#&	
2nd	 3.7#.%#.(	 270'#&#	 2.8#.(#.(	 0.17#.#(#.#'	 	 2.8#.'#.&	 353&!&*	 1.8#.(!.#	 0.38#.#%#.#%	
3rd	 3.0#.'#.&	 330&#%#	 2.8#.(#.(	 0.23#.#%#.#'	 	 2.6#.'#.'	 379&!&)	 1.8#.(!.#	 0.38#.#%#.#%	

X-rays	off	
k3	

(10-3	s-1)	
𝑘'"!	
(s)	

f	
(ions/nm2)	

g	
(ions/nm2)	

	
k3	

(10-3	s-1)	
𝑘'"!	
(s)	

f	
(ions/nm2)	

g	
(ions/nm2)	

1st	cycle	 2.9#.)!.!	 340*#!'#	 0.14#.#+#.#+	 0.08#.#!#.#!	 	 2.0#.&#.%	 490*#!!#	 0.39#.#&#.#&	 0.12#.#!#.#!	
2nd	 3.6!.%+.&	 280!!#!*#	 0.15#.#&#.#&	 0.07#.#+#.#!	 	 2.5#.%#.%	 400,#*#	 0.26#.#'#.#+	 0.10#.#!#.#!	
3rd	 3.6#.)!.+	 280(#*#	 0.20#.#'#.#'	 0.07#.#!#.#!	 	 2.4#.%#.(	 420*#!!#	 0.26#.#'#.#'	 0.11#.#!#.#!	

*For	X-rays-on:	𝑘$%&=	540&'()((	for	pH	3.0	and	𝑘$%&=360*(&$((s)	at	pH	4.5.	Superscripts	represent	a	positive	error	230	
bar	and	subscripts	represent	a	negative	error	bar.	231	

	232	

The	one	exception	is	the	faster	adsorption	(k1)	that	occurs	during	the	first	cycle	for	pH	4.5	233	

samples,	which	was	also	observed	when	replacing	Nd	with	Gd	at	this	pH	(Fig.	S4).	Faster	adsorption	234	

is	accompanied	by	an	initial	surface	ion	density	that	is	small	(0.02	ions	nm-2)	compared	with	the	value	235	

of	0.1	ions	nm-2	observed	at	the	beginning	of	subsequent	cycles	for	pH	4.5	samples.	We	suggest	that	236	

this	effect	could	be	the	result	of	a	non-equilibrium	initial	state	at	pH	4.5,	possibly	due	to	a	large	free	237	

energy	 barrier	 to	 unbind	 ions	 from	DTPA	 at	 the	 higher	 pH.	 In	 this	 scenario,	 X-rays	 facilitate	 the	238	

release	of	ions	over	the	large	free	energy	barrier	during	the	initial	cycle	and	subsequent	cycles	are	239	

between	equilibrium	states.	Such	effects	were	not	observed	for	pH	3.0.	240	

The	steady	state	values	for	the	X-rays-on	part	of	the	cycle,	given	by	a	+	b	–	c,	and	the	steady	241	

state	values	for	the	X-rays-off	part	of	the	cycle,	given	by	g,	are	larger	for	pH	4.5	samples	than	for	those	242	

at	pH	3.0.	This	represents	the	expected	enhancement	of	bound	Nd3+	over	H+	to	DHDP	at	higher	pH.	243	

This	is	consistent	with	the	measured	effective	surface	pK	(=	1.9)	of	trivalent	lanthanum	binding	to	a	244	

monolayer	 of	 DHDP	 and	 known	 trends	 in	 liquid-liquid	 extraction	 of	 lanthanides	 with	 a	 similar	245	

extractant,	 bis(2-ethylhexyl)	 phosphoric	 acid	 (HDEHP).29,30	 	 The	 extraction	 constant	 of	Nd3+	with	246	

HDEHP	 is	 approximately	 15	 and	 the	 extraction	 mechanism	 operates	 with	 a	 third-power	 H+	247	

https://doi.org/10.26434/chemrxiv-2024-p3h84 ORCID: https://orcid.org/0000-0002-6128-8656 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-p3h84
https://orcid.org/0000-0002-6128-8656
https://creativecommons.org/licenses/by/4.0/


	 11	

dependence	in	which	the	equilibrium	is	shifted	to	the	extracted	complex	at	higher	pH.		The	DTPA	and	248	

the	extractant	compete	generally	between	pH	2	and	4	but	the	distribution	of	Nd	begins	to	increase	249	

past	pH	4.5,	indicating	greater	binding	to	the	extractant	at	higher	pH.30	250	

Irreversibility	at	low	pH		X-ray	exposure-induced	adsorption	cycles	were	not	observed	at	lower	pH.	251	

As	an	example,	Fig.	3	shows	data	measured	from	pH	2	aqueous	samples	whose	composition	is	the	252	

same	as	those	in	Figs.	1	and	2.	The	Nd	surface	density	for	X-rays-on	measurements	at	Qz	=	0.025	Å-1	253	

is	 the	same	 in	 the	absence	or	presence	of	DTPA	(Fig.	3A).	Although	 it	might	be	expected	that	 the	254	

radiolysis	effects	that	released	ions	from	DTPA	at	higher	pH	will	also	do	so	at	lower	pH	because	of	255	

the	expected	increase	in	radiolysis	products	at	lower	pH,28	it	appears	that	X-ray	induced	release	of	256	

Nd	ions	from	DTPA	does	not	affect	Nd	binding	to	the	DHDP	monolayer.	At	this	pH,	DTPA	is	expected	257	

to	 chelate	 a	 reduced	 amount,	 roughly	 40%,	 of	 the	 Nd3+	 ions	 in	 solution	 in	 the	 absence	 of	 other	258	

molecules	or	effects	(Fig.	S1B).	These	results	suggest	that	there	are	enough	free	Nd3+	to	satisfy	the	259	

adsorption	needs	of	the	DHDP	monolayer	without	the	additional	release	of	Nd	ions	from	DTPA	by	X-260	

ray	exposure.	261	

	262	

Figure	3.	Irreversibility	of	Nd	surface	density	at	pH	2.0.	A	surface	monolayer	of	DHDP	was	held	at	a	263	
surface	 pressure	 of	 10	mN/m	 on	 the	 surface	 of	 water	 at	 pH	 2.0	 containing	 10	 μM	NdCl3	 in	 the	264	
presence	and	absence	of	30	µM	DTPA.	(A)	X-rays-on	condition:	with	(red)	and	without	(blue)	DTPA	265	
measured	at	Qz	=	0.018	Å-1	(top,	dots)	and	Qz	=	0.025	Å-1	(bottom,	triangles)	(B)	X-rays-off	condition:	266	
measured	at	Qz	=	0.025	Å-1	with	(red	squares)	and	without	(blue	squares)	DTPA.	The	data	measured	267	
at	Qz	=	0.018	Å-1	and	at	Qz	=	0.025	Å-1,	both	with	and	without	DTPA,	were	measured	from	different	268	
samples.	269	

Figure	3B	shows	that	the	Nd	surface	density	does	not	recover	when	X-rays	are	turned	off	and	270	

an	 adsorption	 cycle	 cannot	 be	 established.	 Figure	 3A	 also	 shows	 that	 the	 Nd	 surface	 density	271	

measured	at	Qz	=	0.018	Å-1	is	nearly	constant	with	time	when	X-rays	are	confined	to	the	surface.	As	272	

before,	the	observation	of	a	temporal	variation	in	the	Nd	surface	density	when	X-rays	penetrate	the	273	
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bulk,	but	not	when	X-rays	are	confined	to	the	surface,	indicates	that	aqueous	radiolysis	products	are	274	

responsible	 for	 releasing	 Nd	 ions	 from	 the	 DHDP	monolayer.	 However,	 the	 effect	 is	 irreversible	275	

suggesting	that	the	X-ray	exposure	at	this	low	pH	is	damaging	the	DHDP	monolayer.	Shifting	the	X-276	

ray	beam	to	a	different	position	on	the	sample	allows	the	Qz	=	0.025	Å-1	data	shown	in	Fig.	3	to	be	277	

reproduced	(not	shown),	confirming	that	the	change	in	Nd	surface	density	observed	at	Qz	=	0.025	Å-1	278	

is	not	due	to	changes	in	the	entire	surface,	but	is	a	local	effect	in	the	region	of	X-ray	exposure.	Similar	279	

observations	for	pH	2.25	and	pH	2.5	samples	are	shown	in	Figs.	S5	and	S6.	280	

Considerations	on	the	X-ray	exposure	mechanism	Although	it	is	outside	the	scope	of	this	paper	281	

to	identify	the	full	molecular	scale	mechanism	that	leads	to	the	release	of	Nd	ions	from	either	DTPA	282	

or	DHDP	 under	 X-ray	 exposure,	 several	 possibilities	were	 explored.	 One	 possibility	 is	 that	 X-ray	283	

exposure	 reduces	 Nd3+	 to	 Nd2+,	 thereby	 weakening	 its	 binding.	 The	 oxidation	 state	 of	 3+	 for	284	

lanthanides,	including	Nd,	is	known	to	be	stable	under	the	solution	conditions	of	these	experiments,31	285	

however,	it	has	been	demonstrated	that	exposure	to	an	ultra-high	pressure	mercury	lamp	can	reduce	286	

the	oxidation	state	to	2+.32	The	authors	were	successful	in	synthesizing	insoluble	Nd(II),	Sm(II),	and	287	

Eu(II)	sulfates	but	were	unable	to	produce	Gd(II),	citing	its	lower	reduction	potential.	Nevertheless,	288	

if	 reduction	 to	 2+	was	 the	 root	 cause	 of	 these	 X-ray	 induced	 results,	 the	 same	 transition	 is	 not	289	

expected	to	occur	readily	for	Gd(III)	due	to	its	very	stable	half-filled	4f-shell.33	Therefore,	samples	290	

containing	 GdCl3	 substituted	 for	 NdCl3	 were	 used	 to	 test	 the	 role	 of	 lanthanide	 reduction	 in	 the	291	

observed	X-ray	effects.	Measurements	on	pH	4.5	samples	containing	Gd3+	demonstrated	a	similar	292	

cyclical	process	as	those	with	Nd3+	 (Fig.	S4),	 indicating	that	reduction	of	the	 lanthanide	ion	is	not	293	

required	for	the	X-ray	exposure-induced	adsorption	cycle	demonstrated	by	the	data	in	Fig.	1.	294	

Protonation	of	the	amine	group	is	unlikely	at	the	pH	values	of	the	samples	since	the	values	of	295	

pKa	for	the	three	N	groups	of	DTPA	are	6,	7,	and	8.34	However,	 it	has	been	shown	that	radiolysis	296	

products	can	cleave	N-C	and	other	bonds	in	ethylamine,	triethylamine,	and		a	diamide	phenanthroline	297	

extractant.25,35,36	It	has	also	been	reported	that	hydrated	electrons	and	OH	radicals	induce	the	release	298	

of	lanthanide	and	other	ions	from	EDTA	(ethylene	diamine	tetraacetic	acid),	a	complexant	similar	in	299	

structure	to	DTPA.37,38	A	comparable	attack	of	DTPA	by	aqueous	radiolysis	products	would	result	in	300	

a	loss	of	the	coordination	ability	of	the	complexant.	301	

The	role	of	the	N-C	bond	in	the	observed	cycling	was	tested	by	substituting	sodium	citrate	for	302	

DTPA.	This	substitution	eliminates	the	nitrogen	atoms	from	the	chelate	backbone	and	reduces	the	303	

number	of	carboxyl	groups	from	five	to	three.	Both	changes	reduce	the	interaction	of	citrate	with	304	

Nd.39	To	compensate	for	this	reduced	interaction	and	create	a	citrate	sample	whose	behavior	can	be	305	
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compared	with	DPTA	samples,	the	composition	of	citrate	was	chosen	to	be	10	mM	at	pH	6.	Figure	4C	306	

shows	that	this	composition	yields	a	low	surface	density	of	Nd	ions	(0.02	ions	nm-2)	when	XFNTR	is	307	

measured	at	Qz	=	0.018	Å-1,	for	which	X-rays	illuminate	only	the	surface.	This	demonstrates	that	Nd	308	

ions	are	nearly	fully	chelated	by	the	citrate	in	bulk	water	under	these	conditions,	like	the	nearly	full	309	

chelation	of	Nd	ions	by	DTPA	demonstrated	by	XFNTR	measured	at	Qz	=	0.018	Å-1	in	Fig.	4A	which	310	

revealed	a	similar	low	surface	density	of	0.02	ions	nm-2.	As	shown	in	Fig.	S7,	reducing	the	pH	of	the	311	

citrate	samples	to	pH	5	increases	the	Nd	surface	density	to	0.1	ions	nm-2;	therefore,	pH	6	at	10	mM	312	

provides	the	condition	at	which	citrate	starts	to	nearly	fully	chelate	Nd	ions.		Although	it	is	likely	that	313	

the	composition	of	the	DTPA	samples	(30	µM	DTPA	and	pH	3.0	or	4.5)	provides	a	slightly	stronger	314	

chelation	of	Nd	(compare	Figures	S1	and	S8),	the	conditions	chosen	for	citrate	chelation	should	be	at	315	

least	equivalently	susceptible,	if	not	more	so,	to	the	release	of	Nd	when	X-rays	expose	the	bulk	water.	316	

Nevertheless,	XFNTR	measurements	at	Qz	=	0.025	Å-1,	for	which	X-rays	illuminate	both	the	surface	317	

and	the	bulk	water,	did	not	reveal	an	increase	in	surface	density	of	Nd	(Fig.	4C)	in	the	presence	of	318	

citrate,	as	observed	for	DTPA	samples	(shown	in	Fig.	4B	and	Fig.	1).	These	results	suggest	that	the	N-319	

C	bond	in	the	backbone	of	DTPA	is	relevant	for	the	mechanism	of	X-ray	exposure-induced	release	of	320	

Nd	ions.	321	

	322	

Figure	4.	A	comparison	of	citrate	and	DTPA	chelation	of	Nd	ions.	Aqueous	solutions	measured	in	(A)	323	
and	(B)	contain	10	µM	NdCl3	and	30	µM	DTPA	at	pH	4.5	with	a	DHDP	monolayer	spread	at	the	surface	324	
and	 held	 at	 10	mN/m.	 (A)	 Nd	 surface	 density	 under	 X-ray	 illumination	 at	Qz	 =	 0.018	 Å-1,	 which	325	
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confines	X-rays	to	an	evanescent	wave	with	a	10	nm	penetration	depth.	(B)	Nd	surface	density	under	326	
X-ray	 illumination	at	Qz	 =	0.025	Å-1,	 for	which	X-rays	 transmit	 several	micrometers	 into	 the	bulk	327	
water.	(C)	Nd	surface	density	of	an	aqueous	solution	containing	10	µM	NdCl3	and	10	mM	trisodium	328	
citrate	(Na3C6H5O7)	at	pH	6.0	with	a	DHDP	monolayer	spread	at	the	surface	and	held	at	10	mN/m.	329	
Measurements	at	Qz	=	0.018	Å-1	(blue)	and	Qz	=	0.025	Å-1	(green)	overlap	each	other.	330	

	331	

Conclusions	332	

Reversible	 cycling	 of	 Nd	 ion	 adsorption	 to	 the	 surface	 of	 an	 aqueous	 solution	 was	333	

implemented	by	using	X-ray	exposure	to	alter	the	equilibrium	between	Nd	bound	to	DTPA	dissolved	334	

in	bulk	water	and	Nd	bound	to	a	monolayer	of	DHDP	on	the	surface	of	the	aqueous	solution.	Similar	335	

results	were	 obtained	 for	 Gd	 ions	 and	 shown	 in	 the	 SI.	 A	 simple	model	 described	 the	measured	336	

temporal	variation	of	ion	surface	density	for	X-rays-on	and	X-rays-off	conditions.	The	derived	kinetic	337	

rates	correspond	to	time	scales	on	the	order	of	hundreds	of	seconds.	We	suggest	that	these	long	time	338	

processes	are	most	likely	dominated	by	diffusion	effects	of	either	ions,	radiolysis	products,	or	DTPA,	339	

because	other	processes	should	be	much	faster.	X-ray	exposure	effects	on	the	DHDP	monolayer	at	pH	340	

3.0	 were	 due	 indirectly	 to	 radiolysis	 of	 bulk	 water,	 but	 at	 pH	 4.5	 an	 X-ray	 exposure	 process	341	

independent	of	 radiolysis	 effects,	 possibly	due	 to	 ozone	production,	was	present.	 X-ray	 exposure	342	

effects	on	DTPA	were	due	either	indirectly	to	radiolysis	of	bulk	water	or	to	direct	exposure	of	DTPA.	343	

Substitution	 of	 Gd	 ions	 for	 Nd	 ions	 suggested	 that	 reduction	 of	 rare	 earth	 ions	 by	 X-rays	 is	 not	344	

relevant	 to	 the	 observed	 cycling.	 Results	 obtained	 by	 substitution	 of	 trisodium	 citrate	 for	 DTPA	345	

suggested	that	the	amines	in	DTPA	are	involved	in	the	observed	effects.	346	

Reversible	cycling	was	observed	at	pH	3	and	4.5.	At	lower	pH,	such	as	pH	2,	the	DTPA	does	347	

not	chelate	a	sufficiently	large	fraction	of	ions	to	deplete	the	DHDP	monolayer	of	ions.	Therefore,	at	348	

lower	pH,	the	bound	fraction	of	ions	to	DHDP	equilibrates	essentially	independently	of	the	presence	349	

of	DTPA	in	bulk	solution.	350	

Samples	were	exposed	to	X-rays	in	reflection	geometry,	which	led	to	exposure	of	either	the	351	

surface	 region	 alone	 or	 the	 surface	 plus	 bulk	 solution.	 The	 reflection	 geometry	 allowed	 for	352	

simultaneous	 exposure	 of	 the	 sample	 and	 measurement	 of	 the	 surface	 adsorption.	 Although	353	

reversible	cycling	of	ion	surface	adsorption	was	observed	only	when	the	surface	and	bulk	solutions	354	

were	both	exposed,	because	of	the	employed	reflection	geometry,	the	observed	processes	indicate	355	

that	exposure	of	the	bulk	solution	alone	is	likely	to	create	reversible	cycling	of	ion	adsorption.	In	that	356	

case,	cycling	would	require	only	x-ray	exposure	of	the	DTPA	in	the	bulk	solution.		X-ray	exposure	357	

would	release	Nd	from	DTPA	which	then	binds	to	DHDP	at	the	surface.		When	X-rays	are	turned	off	358	
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the	Nd	would	return	to	the	DTPA	because	of	the	favored	equilibrium	binding	between	the	two.		X-ray	359	

exposure	 of	 the	DHDP	monolayer	 changed	 the	 shape	 of	 the	measured	 curves	 but	 does	 not	 seem	360	

necessary	for	cycling	ion	adsorption.		Although	this	has	not	yet	been	tested,	it	appears	that	exposing	361	

the	bulk	alone	should	cycle	 ions	between	bulk	 liquid	and	 its	 surface,	which	could	be	relevant	 for	362	

applications.		363	

The	X-ray	exposure	process	that	produced	reversible	cycling	of	ion	adsorption	to	a	water-364	

vapor	interface	could	be	used	to	supply	ions	in	controlled	doses	to	either	a	liquid-vapor	or	a	liquid-365	

liquid	interface.	Whether	or	not	cycling	will	occur	at	a	liquid-liquid	interface	would	depend	upon	the	366	

behavior	 of	 the	 surfactant	 (or	 extractant)	 monolayer	 at	 the	 interface.	 If	 binding	 of	 ions	 to	 the	367	

surfactants	(or	extractants)	leads	them	to	extract	ions	into	the	second	phase,	then	reversible	cycling	368	

will	not	occur.	However,	if	a	surfactant	monolayer	remains	at	the	interface	upon	ion	binding,	then	369	

reversible	cycling	can	be	expected	at	the	liquid-liquid	interface	as	well.	In	both	cases,	the	observed	370	

effect	of	X-ray	exposure	can	be	used	to	controllably	dose	the	interface	with	ions	which	could	then	371	

subsequently	trigger	a	range	of	interfacial	effects,	including	metal	ion	extraction,	catalysis,	changes	372	

of	interfacial	phase	or	other	properties.	373	

	374	

Materials	and	Methods	375	

Materials	Ultrapure	water	from	a	Millipore	system	with	resistivity	of	18.2	MΩ·cm	was	used	for	all	376	

aqueous	 solutions.	 NdCl3·6H2O	 (99.9%),	 GdCl3·6H2O	 (99.995%),	 and	 chloroform	 (99.9%)	 were	377	

purchased	 from	Sigma	Aldrich.	Dihexadecyl	 phosphoric	 acid	 (DHDP,	 >98%)	was	purchased	 from	378	

Avanti	 Polar	 Lipids	 Inc.	 Sodium	 hydroxide	 (NaOH,	 98%)	 was	 purchased	 from	 Alfa-Aesar.	379	

Hydrochloric	acid	(HCl,	36.5	to	38.0%)	and	trisodium	citrate	dihydrate	(99%)	were	purchased	from	380	

Fisher	Scientific.	Chemicals	were	used	as	received	without	further	purification.	381	

Solution	 preparation	 Stock	 solutions	 of	 NdCl3	 (50	 mM),	 GdCl3	 (50	 mM),	 DTPA	 (100	 mM)	 and	382	

trisodium	citrate	(100	mM)	were	prepared	by	dissolving	them	in	ultrapure	water.	Further	dilution	383	

produced	the	sample	solutions.	Aqueous	pH	of	sample	solutions	was	adjusted	with	diluted	HCl	or	384	

NaOH	aqueous	solutions.	Chloroform	solutions	of	DHDP	(0.25	mM)	were	used	to	spread	Langmuir	385	

monolayers.	386	

X-ray	 flux	 conditions	Aluminum	 absorber	 foils	 of	 50	 µm	 thickness	 were	 placed	 in	 the	 path	 of	387	

incoming	X-rays	prior	to	reflection	from	the	interface	to	adjust	the	X-ray	intensity	as	described	in	the	388	

SI.	Ten	foils	were	used	in	previous	work,	which	did	not	show	evidence	of	X-ray	exposure	effects.20	Six	389	
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foils	were	used	in	the	current	work	to	yield	a	total	X-ray	flux	on	the	sample	of	3 × 10!"	photons/s	390	

which	created	the	observed	effects.	391	

XFNTR	measurements	A	DHDP	monolayer	was	formed	in	a	Langmuir	trough	by	spreading	a	DHDP-392	

chloroform	solution	on	the	surface	of	aqueous	solutions	containing	NdCl3	(or	GdCl3)	and	DTPA,	then	393	

compressed	by	a	barrier	to	maintain	a	constant	surface	pressure	of	10	mN/m.	The	trough	vapor	was	394	

purged	of	oxygen	for	roughly	a	half	hour	prior	to	measurements	by	flowing	helium	that	had	passed	395	

through	an	aqueous	bubbler	into	the	trough.	Samples	were	exposed	by	reflecting	10	keV	X-rays	at	396	

small	incident	angles	to	achieve	wave	vector	transfers	of	either	Qz	=	0.018	Å-1	or	Qz	=	0.025	Å-1,	where	397	

𝑄# = (4𝜋/𝜆) sin 𝜃	for	angle	of	incidence	𝜃	and	X-ray	wavelength	𝜆	.	The	X-ray	fluorescence	spectrum	398	

was	recorded	by	a	Vortex60-EX	silicon	drift	energy	dispersive	detector	placed	perpendicularly	above	399	

the	surface.	The	X-ray	fluorescence	spectrum	was	normalized	to	the	incident	X-ray	beam	intensity	400	

and	corrected	for	detector	dead	time.	After	normalization,	the	L⍺1	X-ray	fluorescence	peak	(Nd:	5255	401	

eV;	Gd:	6053	eV)	was	fit	to	a	Gaussian	function	and	a	linear	background	to	calculate	the	peak	area,	402	

which	provides	the	fluorescence	signal.		403	

Conventional	XFNTR	consists	of	X-ray	 fluorescence	spectra	measured	 for	a	range	of	wave	404	

vector	transfer	Qz	from	below	to	above	the	critical	Qc	for	total	reflection	(Fig.	S2D).	27	The	XFNTR	scan	405	

is	then	fit	as	previously	described	(Fig.	S2D).27,40	However,	this	method	was	unsuitable	for	the	current	406	

work	because	each	XFNTR	scan	requires	at	 least	 several	minutes	 to	measure.	Therefore,	 a	 single	407	

fluorescence	spectrum	was	recorded	at	either	Qz	=	0.018	Å-1	or	Qz	=	0.025	Å-1	and	the	surface	density	408	

analyzed	from	that	spectrum,	as	described	in	Section	S1	of	the	SI.	409	

	410	
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